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A substantial body of evidence suggests that nitrative
injury contributes to neurodegeneration in Alzhei-
mer’s disease (AD) and other neurodegenerative dis-
orders. Previously, we showed in vitro that within the
tau protein the N-terminal tyrosine residues (Y18 and
Y29) are more susceptible to nitrative modifications
than other tyrosine sites (Y197 and Y394). Using site-
specific antibodies to nitrated tau at Y18 and Y29, we
identified tau nitrated in both glial (Y18) and neuro-
nal (Y29) tau pathologies. In this study, we report the
characterization of two novel monoclonal antibodies,
Tau-nY197 and Tau-nY394, recognizing tau nitrated at
Y197 and Y394, respectively. By Western blot analy-
sis, Tau-nY197 labeled soluble tau and insoluble
paired helical filament proteins (PHF-tau) nitrated
at Y197 from control and AD brain samples. Tau-
nY394 failed to label soluble tau isolated from con-
trol or severe AD samples, but labeled insoluble
PHF-tau to a limited extent. Immunohistochemical
analysis using Tau-nY197 revealed the hallmark tau
pathology associated with AD; Tau-nY394 did not
detect any pathological lesions characteristic of the
disorder. These data suggest that a subset of the
hallmark pathological inclusions of AD contain tau
nitrated at Y197. However, nitration at Y197 was
also identified in soluble tau from all control sam-
ples, including those at Braak stage 0, suggesting
that nitration at this site in the proline-rich region
of tau may have normal biological functions in the
human brain. (A4m J Patbol 2011, 178:2275-2285; DOI:
10.1016/j.ajpath.2011.01.030)

Alzheimer's disease (AD) is a progressive neurodegen-
erative disorder and the most common form of dementia
in the elderly. Pathologically, this disease is character-

ized by the formation of neurofibrillary tangles and amyloid
plaques, comprised primarily of modified tau and amyloid-B
proteins, respectively.™? Tau is a microtubule associated
protein (MAP) encoded on chromosome 17; alternative
splicing of the tau message leads to six canonical isoforms
in the central nervous system containing zero, one, or two
N-terminal inserts and either three or four microtubule bind-
ing repeats.>* In AD, all tau isoforms comprise neuropil
threads, neuritic plaques, and neurofibrillary tangles
(NFTs),® which are the hallmark pathological tau inclusions
that correlate with neuronal dysfunction and cognitive de-
cline during the disease process.®”

The aggregation potential of tau into fibrillar structures
is influenced by various modifications within the mole-
cule. For instance, site-specific phosphorylation, proteo-
lytic cleavage, or specific conformations can enhance
tau aggregation and toxicity.2~'" Tyrosine nitration in
proteins has recently received considerable attention,
after this posttranslational modification was identified
within tau in AD and in proteins involved in other neurode-
generative disorders'®'3; however, the mechanism for ty-
rosine nitration and its role in protein aggregation in vivo
remain highly controversial.'~'® Several studies suggest
that tyrosine nitration is a random pathological event that
occurs as a result of free radical generation during the
neurodegenerative processes in disease.’'*2° Under these
conditions, reactive nitrogen and oxygen species are
thought to be generated to form peroxynitrite (ONOQO™), a
highly reactive compound capable of inducing nitrative and
oxidative protein modifications.?’ Indeed, the reaction of
ONOQO™ with proteins in vitro can lead to the formation of
3-nitrotyrosine (3-NT) or higher-order aggregates by the
oxidative addition of two tyrosyl radicals to form 3,3'dity-
rosine (3,3'-DT) cross-linked proteins.2224

Alternatively, other studies suggest that protein tyrosine
nitration might have a normal biological function, given that
a number of cytoskeletal proteins are nitrated in different
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cell types under normal conditions.?5~27 For instance, in the
chicken embryo, actin and a-tubulin are differentially ni-
trated during normal development.®® Tau nitrated at ty-
rosine 197 has been identified in wild-type 6-week-old mice
using mass-spectrometry analysis.?” Based on these and
other studies, the potential existence of an enzymatic path-
way for tyrosine nitration has been proposed.?62°

Tau contains five endogenous tyrosine residues, lo-
cated at positions 18, 29, 197, 310, and 394 (numbers
correspond to the longest tau isoform, which contains
441 amino acids). In vitro, ONOO ~-mediated tyrosine ni-
tration occurs selectively at tyrosine residues located
within the most N-terminal region of the tau molecule (Y18,
Y29) and to a lesser extent at Y197 and Y394. Nitration at
Y310 was seldom observed, probably because of its loca-
tion within the hydrophobic microtubule binding repeat of
tau.2*° In situ, Y18 and Y29 were shown to be nitrated in
AD using Tau-nY18 and Tau-nY29 antibodies, and nitrated
proteins were selectively localized to the glial (Y18) and
neuronal (Y29) tau pathologies.®'32

To investigate whether Y197 and Y394 are nitrated in
human brain, we generated two novel monoclonal anti-
bodies, Tau-nY197 and Tau-nY394, that are specific to
tau nitrated at Y197 and Y394, respectively. By Western
blot analysis, Tau-nY197 identified soluble tau from con-
trols (Braak stages O to Ill) and from severe AD cases
(Braak stages V to VI). However, Tau-nY394 failed to
label soluble tau in any of the samples analyzed. Both
Tau-nY197 and Tau-nY394 labeled insoluble paired heli-
cal filament proteins (PHF-tau) isolated from severe AD
cases (Braak stages V to VI), although the Tau-nY394
signal was very weak.

Immunohistochemical analysis of postmortem brain
tissue using Tau-nY197 demonstrated that the hallmark
tau pathology of AD contained tau nitrated at Y197; this
antibody also colocalized to a limited extent with tau
markers for the early stages of tangle formation. However,
Tau-nY394 failed to detect any pathological tau inclusions.
Collectively, our data suggest that nitration at Y197 within
tau may have normal biological function, because it occurs
in seemingly normal unaffected brain tissue and persists
throughout the progression of the disease process in both
soluble and aggregated tau species.

Materials and Methods
Antibody Production

Mouse monoclonal antibodies were raised against synthetic
peptides ("'SGDRSGYN92SSPGS?%? or S87GAEIVYNO2
KSPVVC*°9) harboring a nitro group (-NO,) at tyrosine
197 or 394 (Cell Essentials, Boston, MA) and were pre-
pared as described previously.3"32 Briefly, C57/B6 fe-
male tau knockout mice (Jackson Laboratories, Bar Har-
bor, ME) were immunized subcutaneously with peptides
every 21 days until good titer was achieved; splenocytes
were then removed and fused to SP2/o myeloma cells as
described previously.3® Positive clones that reacted spe-
cifically with tau nitrated at Y197 or at Y394 by enzyme-
linked immunosorbent assay (ELISA) and Western blot

analyses were selected and then were subcloned four
times at limiting dilutions before antibody purification.
Along with generating the Y197 nitration-specific anti-
body, a clone was also isolated that produced a nitration-
independent antibody that labeled total tau (regardless of
the nitration state).

Recombinant Tau Proteins

Mutant and wild-type proteins were expressed in T7-
competent Escherichia coli cells (New England Biolabs,
Ipswich, MA), using the pT7C-ht40 plasmid described
previously.® This vector contains cDNA encoding full-
length human tau (ht40; 441 amino acids) with an N-ter-
minal polyhistidine tag. Five mutant proteins were gener-
ated, each containing only one of the five native tyrosines
in tau (18, 29, 197, 310, or 394). For each mutant, four of
the five tyrosine residues were mutated to phenylalanine
(F), or in some instances to glutamic acid (E), using
site-directed mutagenesis (Stratagene, La Jolla, CA); the
integrity of all cDNA constructs was verified by DNA
sequencing.

Tyrosine Nitration

Mutant and wild-type proteins were treated with peroxyni-
trite to nitrate the available tyrosine residue or residues as
described previously.3'32 Briefly, purified proteins were
buffer-exchanged into nitration buffer (100 mmol/L potas-
sium phosphate, 25 mmol/L sodium bicarbonate, and 0.1
mmol/L diethylenetriaminepentaacetic  acid),®® then
treated with 100-fold molar excess of peroxynitrite (Cay-
man Co, Arbor, MI) at room temperature with constant
stirring and stored at —80°C until further use. Peroxyni-
trite treatment resulted in proteins nitrated at all tyrosines
in wild-type tau (nht40) and in mutant proteins at Y18
(nY18), Y29 (nY29), Y197 (nY197), and Y394 (nY394).

Tyrosine Phosphorylation

Mutant proteins containing a single tyrosine residue were
incubated with Abl, a tyrosine kinase capable of phos-
phorylating tyrosine residues in vitro, according to the
manufacturer’s instructions (New England Biolabs). Ad-
dition of phosphate groups to proteins was confirmed
using a generic phospho-tyrosine antibody (P-Tyr-100),
as specified by the manufacturer (Cell Signaling Tech-
nologies, Danvers, MA).

ELISA

The specificity of monoclonal antibodies was tested us-
ing ELISA by attaching various nitrated and non-nitrated
proteins diluted in borate saline buffer (100 mmol/L boric
acid, 25 mmol/L sodium borate, 75 mmol/L NaCl, pH 7.4)
to 96-well microtiter plates (100 ng/well) (Corning Life
Sciences, Lowell, MA). After blocking for 1 hour in 5%
nonfat dry milk (diluted in borate saline buffer), plates
were incubated overnight at 4°C with primary antibodies.
Plates were then washed and incubated with a peroxi-



Table 1. Cases Used for the Enrichment of Soluble and
Insoluble PHF-Tau
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The cases of 10 nondemented, age-matched control subjects (Braak
stages O-lIl) and 5 severe Alzheimer’s disease patients (Braak stages
V-VI) were used to determine the presence of tau nitrated at Y197 and
Y394 using biochemically enriched soluble and insoluble PHF-tau prep-
arations.

M, male; F, female.

dase-conjugated goat anti-mouse IgG H+L secondary
antibody (Vector Laboratories, Burlingame, CA) for 1
hour at room temperature before washing and subse-
quent reaction with a 3’,3',5,5'-tetramethylbenzidine sub-
strate for 10 minutes at room temperature (Sigma-Aldrich,
St. Louis, MO). The reaction was stopped using 3%
H,SO, solution, and the absorbance was determined at
450 nm in an Ultra microplate reader (Bio-Tek Instru-
ments, Winooski, VT).

Tau Enrichment from Human Brain

Soluble tau was enriched from the frontal cortex of normal
control and severe AD samples (Table 1) as described
previously.>#"34 Briefly, gray matter from the frontal cor-
tex was homogenized in a buffer containing 100 mmol/L
2-(N-morpholino)ethanesulfonic acid (MES), 0.5 mmol/L
MgCl,, 1 mmol/L EGTA, 1 mol/L NaCl, 50 mmol/L b-N-
acetylglucosamine, 50 mmol/L imidazole, 25 mmol/L
B-glycerophosphate, 20 mmol/L NaF, 10 mmol/L sodium
pyrophosphate, 0.5 mmol/L phenylmethanesulfonyl fluo-
ride (PMSF), pH 6.5, and was centrifuged at 27,000 X g
for 30 minutes to remove nuclear and membrane-bound
material. These soluble whole-brain homogenates were
adjusted to 2% B-mercaptoethanol (v/v) and then were
placed in a boiling water bath for 10 minutes. After heat
treatment, the samples were cooled over ice and centri-
fuged as above; the pellets were discarded. The super-
natant containing soluble proteins was precipitated with
50% ammonium sulfate. After centrifugation at 27,000 X
g for 30 minutes, the pellets were resuspended and dia-
lyzed in homogenization buffer overnight. The resulting
extracts were adjusted to 2.5% perchloric acid before cen-
trifugation as above. The resultant supernatants containing
enriched soluble tau proteins were dialyzed in homogeni-
zation buffer at 4°C overnight before concentration in Ami-
con YM-10 spin columns (Millipore, Billerica, MA).
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To enrich for insoluble PHF-tau fractions (Table 1),
samples from five pathologically severe AD patients
(Braak stages V to VI) were obtained from Rush Univer-
sity Medical Center and the Cognitive Neurology and
Alzheimer's Disease Center at Northwestern University
and were prepared as described elsewhere 322 Gray
matter from frontal cortex was homogenized and centri-
fuged at 27,000 X g for 30 minutes to remove nuclear and
membrane-bound material. The supernatants were cen-
trifuged at 95,000 X g for 2 hours, resulting in a pellet
enriched in insoluble PHF-tau. The pellets were then re-
suspended into extraction buffer (4 mol/L guanidine-HCI,
10 mmol/L Tris-HCI, 10 mmol/L dithiothreitol, 50 mmol/L
p-N-acetylglucosamine, 50 mmol/L imidazole, 25 mmol/L
B-glycerophosphate, 20 mmol/L NaF, 10 mmol/L sodium
pyrophosphate, and 0.5 mmol/L PMSF, pH 7.4) and al-
lowed to incubate for 2 hours at room temperature. Sam-
ples were then centrifuged for 1 hour at 95,000 X g, and
supernatant was dialyzed overnight at 4°C against BTP
buffer (20 mmol/L bis-Tris propanone, 1 mmol/L dithio-
threitol, pH 7.0). The samples were then boiled for 10
minutes, cooled over ice, and centrifuged for 1 hour as
above. Supernatants containing PHF-tau were then con-
centrated and stored at —80°C until further use.

Nitro Group Reduction and Antibody Absorption

To reduce the nitro groups (-NO,) into nonreactive
amines (NH,), nitrocellulose membranes containing
nY197 or nY394 proteins were treated with dithionite (so-
dium hydrosulfite) under argon gas as described previ-
ously.®"3% Next, membranes were washed and blocked
in 5% nonfat dry milk in Tris buffer saline, then blotted
with Tau-nY197, Tau-nY394, or 3-NT antibodies. Antibody
absorption analysis was performed using 5 ug of un-
treated or singly nitrated proteins at Y197 or Y394 over-
night at 4°C. Preabsorbed antibodies were then used to
blot membranes containing singly nitrated proteins.

Western Blot Analysis

Samples were separated using 10% SDS polyacrylamide
gel electrophoresis and were transferred to nitrocellulose
membranes for immunoblot analysis (Trans-Blot; Bio-Rad
Laboratories, Hercules, CA). In some instances, mem-
branes containing human tau samples were treated with
calf intestinal phosphatase (CIP; 10 U/mL in 100 mmol/L
Tris-buffered saline) at 4°C overnight to remove phos-
phate groups (New England Biolabs). Membranes were
then blocked with 5% nonfat dry milk in Tris-buffered
saline and incubated with primary antibodies at 4°C over-
night. After a rinsing, membranes were incubated in perox-
idase-conjugated goat anti-mouse IgG H+L secondary
antibodies (Vector Laboratories) for 1 hour at room temper-
ature, then washed and incubated with enzymatic chemilu-
minescence substrate (Pierce ECL; Thermo Fisher Scien-
tific; Rockford, IL). Signal was visualized on HyBlot CL
autoradiography film (VWR International, Batavia, IL).
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Immunohistochemistry

Tissue from the inferior temporal gyrus, hippocampus,
and entorhinal cortex of eight patients with severe AD
(Braak stages V to VI) and five age-matched control
subjects (Braak stages | to Ill), fixed in 4% paraformal-
dehyde, was obtained as free-floating 40-um-thick sec-
tions from the Cognitive Neurology and Alzheimer’s Dis-
ease Center at Northwestern University. Tissue sections
were incubated with CIP to remove phosphate groups as
described above and were processed for IHC as de-
scribed previously.®'3%3¢ Sections were then incubated
with Tau-nY197 (40 ng/mL), Tau-Y197 (1 wg/mL), or Tau-
nY394 (cell culture medium) at 4°C overnight. After a
rinsing in PBS (pH 7.4), sections were incubated with
biotinylated goat-anti-mouse antibodies (u-chain or
v-chain specific) according to the manufacturer’s instruc-
tions (Jackson ImmunoResearch, West Grove, PA), fol-
lowed by a 1-hour incubation in avidin-biotin complex
solution (Vector Laboratories). Sections were then devel-
oped with metal-enhanced 3,3’-diaminobenzine (Pierce;
Thermo Fisher Scientific) and mounted onto glass slides,
air-dried overnight, dehydrated through graded alcohols,
cleared with xylenes, and coverslipped with Permaslip
(Alban Scientific, St. Louis, MQO). The primary antibody
dilutions used were predetermined by testing serial dilu-
tions on adjacent tissue sections to assure the use of
subsaturating concentrations.

Immunofluorescence

Double-label immunofluorescence was performed as de-
scribed previously.®'32 CIP-treated sections were incu-
bated with Tau-nY197 (20 ng/mL) and either Tau-Y197 (1
pg/mL), Alz-50 (0.2 ug/mL), Tau-MN423 (1 ug/mL), or
Tau-C3 (0.4 ng/mL) antibodies overnight at 4°C. Sections
were then incubated with either fluorescein isothiocya-
nate-conjugated goat anti-mouse <y chain-specific or
Texas Red-conjugated goat anti-mouse IgM w chain-spe-
cific secondary antibodies (Jackson ImmunoResearch).
In some instances, tissue sections were counterstained
with Thiazine Red (TR, 0.002%) to visualize B-pleated
sheet structures. All sections were then blocked with
Sudan Black (0.05%) to reduce autofluorescence. Im-
ages were captured using a Zeiss 510 laser scanning
confocal microscope and all images were acquired as
z-stacks of single optical sections.

Results

Characterization of Nitration Site-Specific Novel
Tau Antibodies

To investigate whether nitration occurs at Y197 and Y394
in situ, we generated three novel monoclonal antibodies:
Tau-nY197, Tau-Y197, and Tau-nY394. The specificity of
these antibodies was determined using ELISA and West-
ern blot analyses with wild-type tau (ht40), nitrated wild-
type tau (nht40), and single tyrosine tau mutants nitrated
at Y18, Y29, Y197, or Y394 (Figure 1). The Tau-nY197

A 1
m htdo
4.04 - A nh40
. ¥ nYig
3.5 " + nY29
@ ny197
i 0O nY394
e L]
2.54
g
204 .
1.54
1.04 S %
0.54 a *
_s_i_l_l.._;_l_l_,.;_i_l_'_
0.04
10° 102 100 10°

Tau-nY197 (ng/ml)

4.0-
m htd0
s, 4 nh40
o 3 gt
o - ® nY197
&= s O nY394
g
g 201 = *
*
1.5+
ﬂ *
1.04 1
v .
0.54 :
0.0 E i i . i ! ‘ r L i
10° 102 10!
3-NT(ng/ml)
C D @ o D IS
il AR R R
-75kDa
Tau-nY197 - 50
-37
D
- 100 kDa
-75
3-NT
- 50
- 37
E - 100 kDa
-75
Tau-5 -50
-37

Figure 1. Nitration specificity of the Tau-nY197 antibody. The affinity of
Tau-nY197 antibody against full-length human recombinant tau (ht40), full-
length nitrated tau (nht40), and tau proteins singly nitrated at Y18, Y29, Y197,
and Y394 were determined by ELISA (A) and Western blot analysis (C). To
confirm nitration within these samples, proteins were labeled with a generic
nitrotyrosine antibody (3-NT) (B and D) and total tau was identified with
Tau-5 (E), an antibody that labels tau proteins, regardless of the modification
state. Note that Tau-nY197 reacts only with full-length nht40 and nY197 tau.
In all experiments, 50 and 100 ng protein were used for Western blot and
ELISA analyses, respectively.



antibody (IgG1) recognized nitrated wild-type recombi-
nant tau; among the single tyrosine mutants, it specifi-
cally recognized nY197 tau (Figure 1, A and C). To verify
the addition of nitro groups to tyrosine residues after
ONOO™ treatment, a generic nitrotyrosine antibody was
used (3-NT). The 3-NT antibody labeled nitrated wild-
type tau and singly nitrated tyrosine proteins (Figure 1, B
and D). Total tau within these samples was visualized
using Tau-5,%" a pan tau antibody that recognizes tau,
regardless of the modification state (Figure 1E).

The specificity of Tau-nY197 was tested further by
preabsorbing the antibody with either untreated or ni-
trated Y197 tau (nY197). As predicted, incubation with
nY197 tau, but not with unmodified Y197 tau, abolished
Tau-nY197 reactivity (see Supplemental Figure S1A at
http://ajp.amjpathol.org). Last, to determine whether the
nitro group comprised an essential portion of the Tau-
nY197 epitope, the nitro moiety was reduced to an amine
using dithionite (sodium hydrosulfite) treatment as de-
scribed previously.®"®* Reduced proteins were no longer
labeled with Tau-nY197 or 3-NT antibodies but were
clearly reactive with Tau-5 (see Supplemental Figure S1B
at http.//ajp.amjpathol.org). These data indicate that the
Tau-nY197 antibody selectivity is due, in part, to a nitro-
tyrosine group at position 197.

We also generated an antibody, Tau-Y197 (IgM), that
specifically labels total tau but appears to require the
hydroxyl group (OH) of Y197 as part of its epitope
(Figure 2). We suspect that this is the case because, in
ELISA analysis, Tau-Y197 failed to react with tau proteins
in which the tyrosine residue was mutated to phenylala-
nine (Y—F), an amino acid lacking only the OH group in
tyrosine residues (Figure 2A). Notably, both Tau-Y197
and Tau-5 antibodies reacted with wild-type and single
tyrosine recombinant tau proteins (Y197), regardless of the
nitration state (Figure 2, A and B). To further elucidate the
specificity of this antibody in vitro, Y197 proteins were pseu-
do-phosphorylated by converting the tyrosine residue to
glutamic acid (Y—E) and tested for Tau-Y197 binding by
ELISA. Tau-Y197 failed to recognize the pseudo-phospho-
rylated construct or Y197 constructs phosphorylated with
the tyrosine kinase Abl (Figure 2, A and C). Collectively,
these results demonstrate that the Tau-Y197 antibody la-
bels nitrated or unmodified tau at Y197 but fails to label
phosphorylated tau at the same position.

Finally, to demonstrate the specificity of Tau-nY394
(IgG2Db) in vitro, ELISA and Western blot analyses were
performed using nitrated tau proteins as above
(Figure 3). As expected, Tau-nY394 detected nitrated
wild-type tau and singly nitrated tau at Y394, but failed to
react with untreated wild-type tau or with mutant proteins
singly nitrated at Y18, Y29, or Y197 (Figure 3, A-C), thus
demonstrating the site-selective specificity of Tau-nY394.

Tau-nY197 and Tau-nY394 React with
Nonprimate Tau
Based on the high sequence homology of the proline-rich

region in tau among human and other species (Figure 4A),
we suspected that Tau-nY197 and Tau-nY394 would react
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Figure 2. The Tau-Y197 antibody labels total tau, regardless of the nitration
state. The binding of Tau-Y197 to full-length human recombinant tau (ht40),
full-length nitrated tau (nht40), and tau proteins singly nitrated at Y18, Y29,
Y197, and Y394 was assayed by ELISA. Note that Tau-Y197 labels all tau proteins
containing Y197 regardless of the nitration state (A), but fails to detect Y—E
pseudo-phosphorylated or tau proteins phosphorylated at Y197 by ELISA (A) or
Western blot analysis (C). The addition of phospho-groups to proteins in vitro
was confirmed using a generic phospho-tyrosine antibody (P-Tyr-100), and total
tau within these samples was shown using Tau-5 by ELISA (B) and Western blot
techniques (C). Note that the OH group of Y197 appears to be an essential
component of the Tau-Y197 epitope. In all experiments, 50 and 100 ng protein
were used for Western blot and ELISA analyses, respectively.

with nonprimate tau after peroxynitrite treatment. To test this
hypothesis, porcine microtubule fractions enriched for tau,
MAP1A, MAP1B, and MAP2 were exposed to peroxynitrite
and then blotted with 3-NT, Tau-nY197, or Tau-5 antibodies.
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Figure 3. The Tau-nY394 antibody is specific for tau nitrated at Y394.
Tau-nY394 reacts specifically with recombinant full-length nitrated wild-type
proteins (nht40) and nitrated tau proteins singly nitrated at Y394 (nY394) by
ELISA (A) and Western blot analysis (B), but fails to cross-react with other tau
proteins singly nitrated at Y18, Y29, or Y197. Total tau was visualized by
blotting with Tau-5 (C). In all experiments, 50 ng protein was used for
Western blot and 100 ng for ELISA analyses.

As expected, the 3-NT antibody recognized a smear of
nitrated proteins after peroxynitrite treatment, thereby con-
firming the addition of nitro groups to tyrosine residues in all
proteins present in vitro (Figure 4B). In contrast, Tau-nY197
only recognized porcine tau but only after peroxynitrite
treatment, as confirmed by their cross-reactivity with Tau-5
(Figure 4B). Similar results were obtained using bovine mi-
crotubule fractions and probing with both Tau-nY197 and
Tau-nY394 antibodies (data not shown).

Next, we examined whether Tau-nY 197 cross-reacts with
proteins nitrated in other neurodegenerative diseases. Re-
combinant a-synuclein and porcine tubulin (e and B) were
treated with peroxynitrite in vitro and then were blotted with
a-synuclein, B-tubulin, 3-NT, Tau-nY197, or Tau-nY394. As
expected, both Tau-nY197 (Figure 4, C and D) and Tau-
nY394 (data not shown) failed to cross-react with untreated
or nitrated a-synuclein and tubulin proteins.

Tau Is Nitrated at Y197, Not at Y394, in Control
and AD Brain

To determine whether nitration at Y197 or Y394 occurs in
normal or AD brain as it does in normal mouse brain,?”

soluble tau from controls (Braak stages O to Ill) and severe
AD cases (Braak stages V to VI) (Table 1) was biochemi-
cally enriched, fractionated by SDS-polyacrylamide gel
electrophoresis, and blotted with Tau-nY197 and Tau-
nY394 antibodies. Western blot analyses revealed a subset
of total tau migrating at approximately 50 kDa that was
nitrated at Y197 in both control and pathologically severe
AD samples (Figure 5A). To exclude the possibility that
phosphorylation within the Tau-nY197 epitope prevented
antibody binding, because tau is highly susceptible to
phosphorylation in this region in AD,3® nitrocellulose mem-
branes containing soluble tau were treated with CIP before
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Figure 4. Tau-nY197 labels tau from nonprimate species. A: Tau protein
sequence alignment shows the similarity in the proline-rich region of tau
among different species. B: Porcine MAP fractions enriched for tau, MAP1A,
MAP1B, and MAP2 were exposed to either vehicle (—) or ONOO™ treatment
(+), then were blotted with 3-NT, Tau-nY197, or Tau-5 antibodies. The 3-NT
reactivity confirmed the nitration of all proteins by ONOO™. In contrast,
Tau-nY97 failed to react with untreated porcine tau unless it was first ex-
posed to peroxynitrite treatment (+). Tau-5 was used to confirm the pres-
ence of tau proteins in all samples. As expected, Tau-nY197 failed to cross-
react with a-synuclein (C) or tubulin (D) proteins, regardless of the nitration
state, but did label recombinant tau proteins selectively nitrated at Y197. For
each porcine or singly nitrated recombinant sample, 1 pg or 50 ng was
loaded per lane, respectively.
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Figure 5. Tau nitration at tyrosine 197 occurs in normal human brain.
A: Western blot analysis of biochemically enriched soluble tau from controls
(Braak stages 0 to IID) and severe AD cases (Braak stages V to VD) showed a
subset of total soluble tau nitrated at Y197, as indicated by Tau-nY197
reactivity. Total tau was labeled with Tau-Y197 and Tau-1. B: Insoluble
PHF-tau fractions in samples from five patients with severe AD were probed
with Tau-nY197, Tau-Y197, and Tau-1. Unlike the case for soluble tau, CIP
treatment before antibody incubation was necessary to reveal the extent of
insoluble PHF-tau nitrated at Y197 and total tau. C: Tau-nY394 labeled a
small fraction of the PHF-tau, compared with the total tau labeled with Tau-5.
In all samples, 10 ug of total protein was loaded per lane.

antibody incubation. No differences were observed be-
tween treated or untreated membranes, indicating that sol-
uble tau is likely not hyperphosphorylated in or around Y197
(data not shown). Total tau within these samples was la-
beled with Tau-Y197 and Tau-1, antibodies that have
epitopes sensitive to phosphorylation and their epitopes
overlap®® (Figure 5A).
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An identical analysis using our Tau-nY394 antibody
was also performed on all soluble tau samples; however,
this antibody failed to label any nitrated soluble tau from
either control or severe AD samples, even when nitrocel-
lulose membranes were pretreated with CIP prior to
antibody incubation (see Supplemental Figure S2 at http.//
ajp.amjpathol.org). These data suggest that nitration at
Y394 does not occur in soluble tau.

Tau Is Nitrated at Both Y197 and Y394 in
Insoluble PHF-Tau from AD Brain

To determine whether insoluble tau fractions contained
tau nitrated at Y197 or Y394, biochemically enriched
PHF-tau from five severe AD samples (Table 1) was blot-
ted with Tau-nY197 and Tau-nY394. Only a limited
amount of nitrated tau was observed using Tau-nY197,
Tau-Y197, and Tau-1 antibodies (Figure 5B). Unlike the
case with soluble tau, CIP treatment before antibody in-
cubation greatly increased the reactivity of all three anti-
bodies for PHF-tau (Figure 5B). These data indicate that,
within PHF-tau, phosphorylation events in or around the
Tau-nY197 epitope prevent antibody binding much the
same as they prevent binding of Tau-Y197 and Tau-1
antibodies. Finally, although Tau-nY394 failed to label
soluble tau, trace amounts of insoluble PHF-tau were
nY394-positive (Figure 5C); however, CIP treatment did
not affect the reactivity of Tau-nY394 with PHF-tau (data
not shown).

Tau-nY197 Labels the Hallmark Tau
Pathology of AD

To investigate whether the pathological inclusions of AD
contained nitrated tau at residue Y197 or Y394, tissue
sections from controls (Braak stages | to Ill) and severe
AD cases (Braak stages V to VI) were processed for IHC
using Tau-nY197, Tau-nY394, or Tau-Y197 antibodies.
Consistent with our Western blot results from PHF-tau,
treatment of tissue sections with CIP before immunostain-
ing increased Tau-nY197 reactivity. Thus, CIP treatment
was used before antibody incubation in all samples an-
alyzed. Immunohistochemical analysis in control sections
(Braak stages | to Ill) revealed that neuropil threads, as
well as a few NFTs, contained tau nitrated at Y197 (Figure
6, A, B, D and E). In later disease stages (Braak stages V
to VI), the classic triad of tau inclusions (neuropil threads,
neuritic plaques, and NFTs) were clearly positive for tau
nitrated at Y197 (Figure 6, G and H). With increasing
Braak stage, our qualitative observations revealed an
increase in the Tau-nY197-positive tau inclusions, which
were most prominent throughout the gray matter (Figure
6, B, E, and H). Importantly, Tau-nY197-positive inclu-
sions were only a subset of the total tau lesions present
within these sections, because extensive tau pathology in
adjacent tissue sections was clearly labeled using Tau-
Y197, an antibody that does not discriminate between
nitrated and non-nitrated tau (compare panel B to C, E to
F, and H to | in Figure 6). In all samples analyzed, how-
ever, Tau-nY394 failed to label the pathological lesions


http://ajp.amjpathol.org
http://ajp.amjpathol.org

2282 Reyes et al
AJP May 2011, Vol. 178, No. 5

Braak Stage I-lI C

A

Braak Stage I-Il B
B -

~N

Tau-nY197 ERC Tau-nY197

D

Braak Stage |lI E Braak Stage Il F

HP Tau-Y197

R * ‘Braak Stage Il

Braak Stage J-I

- Figure 6. Tau-nY197 labels the hallmark tau pa-
] thology characteristic of AD. IHC was performed
on CIP-treated tissue sections from the entorhinal
cortex (ERC) and hippocampus (HP) of controls
(Braak stages I to II) and severe AD cases (Braak

by P '
v Vit gt Pl ¥ % stage VD) using Tau-nY197. In the ERC and HP
1 \ B ot ; from control sections, some neuropil threads as
. - ik 2 o ¥ ., ¢ Y ¢ well as a few NFTs were labeled (A and B);
. : P 7 = however, Tau-nY197 labeling increased consid-
: 4 v 72 E . ¥ "4 7 erably with disease progression (D, E, G, and H).
\ ! ‘ : e _ ¢ Note that the Tau-nY197-positive inclusions
¢ ! iz el " were only a subset of the total tau pathology, as
Tau-n¥197 ERC Tau-nY197 HP Tau-Y197 s - & — revealed by Tau-Y197 staining in adjacent tissue
- . Braak Stage VI ¢ v ETRraal Sl’age‘\ﬂ S ’ﬁak&ajgp V|l  sections (C, F, and D. Note also that neuropil
G Rw. 7 % PR T, :: I i e . threads, NFTs, and neuritic plaques stain with
) BN N A - i A % ¥ o T .7 Tau-nY197 (H). Scale bar = 50 wm (all panels).
" # 4 W, - e
% i o -~ L
4 Y L4 A s ¥ i - o
o > )4 g il A AT piiie S AR :
\ 7 “ ¥, 43'? i 1 3 i : ;” . 4;__ < ]
a % ] Mo t £ g ! T e P )
; - it # e ¢ s
Tau-nY197 ERC Tau-nY197 § . “HPY Tau-y197 B s - ot

characteristic of AD, even when CIP or several epitope
retrieval methods (eg, formic or citric acid) were applied
(data not shown).®® The lack of Tau-nY394 labeling in
soluble tau and the relatively limited level of nitration at
Y394 in PHF-tau suggest that Y394 nitration may be an
infrequent modification in AD pathogenesis.

Tau-nY197 Colocalizes with Both Early and
Intermediate Markers of Tau Pathology

To delineate whether the Tau-nY197-positive lesions as-
sociate with the early or late stages of tangle evolution in
AD, double-label immunofluorescence was performed on
ClIP-treated sections using Tau-nY197 and Alz-50, a tau
marker that labels pre-tangle neurons and early NFTs.*°
In controls (Braak stage | to Il), some Alz-50-positive
neurons contained small granular tau inclusions that dou-
ble-labeled with Tau-nY197, in what appeared to be the
early stages of NFT formation (Figure 7, A-C). However,
extensive colocalization was observed in more mature fibril-
lar NFTs of Braak stage Ill brain (Figure 7, D-F). In severe
AD cases (Braak stage VI), Tau-nY197-positive inclusions
were sparsely labeled with Alz-50 (data not shown), but
showed substantial overlap with Tau-C3 (Figure 7, G-I), a
tau marker that temporally follows the Alz-50 conformational
shift in the evolution of NFTs in AD.®“° Additionally, Tau-
nY197 colocalized with the pS422 tau antibody, a patholog-
ical tau phospho-epitope that is thought to occur in pre-
tangle neurons (data not shown).04

To further investigate whether the nitrated tau lesions
labeled with Tau-nY197 associate with B-pleated sheet
structures, tissue sections were stained with Tau-nY197
and TR. Of note, within the limited number of TR-positive
inclusions observed in control sections (Braak stage | to
I), some contained small granular aggregates that were
positive for Tau-nY197 (Figure 7, J-L). In severe AD
cases (Braak stage VI), Tau-nY197-positive lesions also

colocalized with TR, but not all Tau-nY197-positive inclu-
sions were TR-positive (Figure 7, M=0). Importantly, in
all AD sections analyzed, the pathological lesions labeled
with Tau-nY197 colocalized partially with Tau-Y197
(Figure 8, A-C), confirming that the inclusions labeled
with Tau-nY197 were composed at least in part of nitrated
tau. Notably, similar to Tau-nY197, Tau-Y197 also colo-
calized extensively with Tau-C3 in control (Figure 8, D-F)
and AD samples alike (Figure 8, G-l). However, the
epitope display for Tau-Y197 appears to emerge much
earlier than that of Tau-C3 in AD, as shown by the diffusely
labeled hippocampal neurons (Figure 8D) and early label-
ing of numerous neuropil threads (Figure 6C). Notably, both
Tau-nY197 and Tau-Y197 did not colocalize with the MN423
antibody (Figure 8, J-L), a tau marker of the latest known
stages of tangle evolution.*® Hence, our data indicate that
nitration at Y197 can occur coincident with tau markers of
the early (Alz-50) and intermediate stages (Tau-C3) of AD
pathology but disappears by the end stages (MN423) of
tangle evolution.

Discussion

Timing of Nitration during Tangle Evolution in AD
Pathogenesis

Here we have reported the characterization of two ni-
tration site-specific monoclonal antibodies that selec-
tively identify tau nitrated at either Y197 (Tau-nY197) or
Y394 (Tau-nY394). Both antibodies were stringently
tested to confirm their specificity for single nitrated
tyrosine sites within tau, and we ruled out potential
cross-reactivity with other proteins (eg, a-synuclein
and tubulin) nitrated in other neurodegenerative dis-
eases. Notably, Tau-nY197 identified nitrated soluble
tau in every sample assayed, with classifications rang-
ing from Braak stage 0 through Braak stage VI.
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Figure 7. Tau-nY197 colocalizes with tau markers of the initial stages of
tangle formation in AD. Double-label immunofluorescence was performed
on CIP-treated tissue sections in areas of the HP from control samples (Braak
stages I to ID using Tau-nY197 and Alz-50 antibodies. Tau-nY197 labeled
small tau aggregates within Alz-50-positive neurons (A—C), as well as the
fibrillar lesions in Braak stage III cases (which also were Alz-50-positive)
(D-F). Tau-nY197 also colocalized with Tau-C3 within the fibrillar lesions in
severe (Braak stage VD) cases (G-I). Thiazine Red (TR) staining of control
sections (Braak stages I to II) showed small tau aggregates labeled by
Tau-nY197 that colocalized within TR-positive NFTs (J-L). In severe cases
(Braak stage VD), some but not all of the Tau-nY197-positive lesions were
TR-positive (M—0). Scale bar = 20 um (all panels).

Tau-nY 197 labeled nitrated tau within the hallmark fibrillar
lesions found in normal controls and severe disease states
alike. In fact, extensive colocalization was observed with
monoclonal antibodies that recognize modified tau during
the initial and middle stages of NFT formation (Alz-50,
pPS422, and Tau-C3).%° This was not surprising, given that
Y197-nitrated tau was present in the soluble state indepen-
dent of disease or pathological designation. Of note, Tau-
nY197 did not colocalize with MN423, a proteolytic cleav-
age event marking the latest known stage of tangle
evolution in AD.?° The lack of colocalization between Tau-
nY197 or Tau-Y197 with the MN423 antibody might be due
to a proteolytic cleavage that ablates position 197, perhaps
generated by a chymotrypsin-like endopeptidase.*>“*® Col-
lectively, these data indicate that nitration at Y197 occurs
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before the appearance of detectable tau pathology and
colocalizes with only a subset of tau pathology during the
initial stages of tangle formation in AD.

The lack of nitration at Y394 in soluble tau and the limited
nitration in insoluble PHF-tau suggest that nitration at Y394
is likely an infrequent eventin AD. Nonetheless, it is certainly
possible that proteolytic cleavage at amino acid 391 in AD
recognized by the MN423 antibody** might eliminate Tau-
nY394 reactivity, should it occur late in NFT evolution. Alter-
natively, phosphorylation at Y394 has previously been re-
ported in AD,*® and this may explain the limited nitration at
this site. The highly electronegative orthophosphate group
likely would not permit the addition of a nitro group at the
meta position of the same tyrosine ring. A balance between
nitration and phosphorylation at specific amino acids may
have some biological importance,?®4® but this hypothesis
requires further study.

Is Nitration at Tyrosine 197 a Normal or
Pathological Event in the Human Brain?

Tyrosine nitration is a posttranslational modification
widely thought of as a pathological event associated with

HP| Tau-C3

Braak sta;

Figure 8. Tau-Y197 colocalizes partially with Tau-nY197, but fails to colo-
calize with a late tau marker of tangle evolution in AD. CIP-treated tissue
sections from areas of the HP and ITG from severe AD samples (Braak stage
VD) were labeled with Tau-Y197 and Tau-nY197. In all samples analyzed,
Tau-Y197 colocalized partially with Tau-nY197 (A—C). However, extensive
colocalization was observed with Tau-C3-positive aggregates that were pres-
ent within neurons labeled with Tau-Y197 in controls (D-F). In severe AD
(Braak stage VD), the fibrillar tau lesions labeled with Tau-Y197 also colocal-
ized extensively with Tau-C3 (G-D). However, Tau-Y197 failed to colocalize
in most instances with MN423 (J-L). Scale bars = 20 wm (all panels).
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inflammation and pathogenesis in various neurodegen-
erative disorders.'®'* On the other hand, recent findings
support a normal biological function for tyrosine nitration
within cells.?®-28 Tyrosine nitration has been suggested
to play a role in neurite elongation and differentiation in
neuronal cell types.*” Most recently, nitration of tau at
Y197 has been reported in brain from 6-week-old wild-
type mice, based on mass-spectrometry analysis.?” Of
note, Rayala et al*® identified a dynamic interplay be-
tween nitration and phosphorylation in the control of mi-
crotubule dynamics in situ, suggesting that tyrosine nitra-
tion might have some normal biological function.

In addition to nitration at Y197 (the present study),
Y197 phosphorylation has been identified in AD and in a
mouse model of tauopathy (for a review, see Lebouvier
et al*®), indicating that both events occur within the con-
text of AD. Although the explanation for these findings
remains obscure, it is possible that different isoforms of
tau are more or less susceptible to phosphorylation
and/or nitration during the disease process. Moreover,
the identification of tau nitrated at Y197 in brain from
normal control subjects suggests that certain nitration
events may be nonpathological. Similar to phosphoryla-
tion, tyrosine nitration may be a normal modification that
increases in frequency in AD or is concentrated within AD
pathology. In fact, several tau phospho-epitopes are
known to occur in both fetal and normal aging brain, but
these epitopes appear to be stabilized in disease-asso-
ciated tau aggregates (for a review, see Liu et al*®).
However, other sites appear to be specifically phosphor-
ylated only in AD.%° Similarly, nitration at Y197 and Y18 in
tau, which was observed in normal age-matched control
subjects, appears to increase with disease progression
as the nitrated monomers are incorporated into tau ag-
gregates.®? By contrast, nitration of tau at Y29 was ob-
served only in AD,®" much like the disease-specific phos-
phorylation sites.® These studies collectively suggest
that tyrosine nitration behaves in a manner similar to
phosphorylation, in that some tyrosine sites are suscep-
tible to nitration only in AD and nitration at other sites
occurs in both normal control subjects and AD patients.
Unlike phosphorylation, the underlying mechanism
and/or the normal biological function for tyrosine nitration
remain unknown.
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