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ABSTRACT: Alzheimer’s disease (AD) is a progressive amnestic disorder typified by the pathological
misfolding and deposition of the microtubule-associatedτ protein into neurofibrillary tangles (NFTs).
While numerous post-translational modifications influence NFT formation, the molecular mechanisms
responsible forτ aggregation remain enigmatic. Since nitrative and oxidative injury have previously been
shown to play a mechanistic role in neurodegeneration, we examined whether these events influenceτ
aggregation. In this report, we characterize the effects of peroxynitrite (ONOO-)-mediated nitration and
oxidation onτ polymerizationin Vitro. Treatment ofτ with ONOO- results in 3-nitrotyrosine (3-NT)
immunoreactivity and the formation of heat-stable, SDS-insoluble oligomers. Using ESI-MS and HPLC
with fluorescent detection, we show that these higher-order aggregates contain 3,3′-dityrosine (3,3′-DT).
Tyrosine (Tyr) residues are critical for ONOO--mediated oligomerization, asτ proteins lacking all Tyr
residues fail to generate oligomers upon ONOO- treatment. Further,τ nitration targets residues Y18,
Y29, and to a lesser degree Y197 and Y394, and nitration at these sites inhibitsin Vitro polymerization.
The inhibitory effect of nitration onτ polymerization is specific for the 3-NT modification, as
pseudophosphorylation at these same Tyr residues does not inhibitτ assembly. Our results suggest that
the nitrative and oxidative roles of ONOO- differentially affectτ polymerization and that ONOO--mediated
cross-linking could facilitateτ aggregation in AD.

Alzheimer’s disease (AD)1 is a progressive neurodegen-
erative disorder characterized by the pathological self-
assembly of the microtubule-associatedτ protein into
neurofibrillary tangles (NFTs). In solution,τ is a natively
unfolded protein dominated by random coil structure (1). In
AD brain, however, aberrant modifications ofτ, including
phosphorylation, truncation, and conformational changes,
induce polymer formation (2-6) by causing certain regions
of the molecule to adopt aâ-pleated sheet conformation (7-
9). Therefore, to fully understand the mechanisms that govern
τ misfolding, we must first delineate the modifications that
drive and/or stabilizeτ polymerization.

Nitrative and oxidative injury are salient features of AD-
associated inflammation (10-13). During this process,

reactive nitrogen and oxygen species are generated that can
modify protein tyrosine (Tyr) residues (14). Principal among
these species is peroxynitrite (ONOO-), a powerfulin ViVo
oxidant capable of protein nitration and oxidation (15).
ONOO- is generated from the near-diffusion-limited reaction
of nitric oxide (NO•) and superoxide (O2•-) radicals (16).
Reaction of ONOO- with proteins can lead to the addition
of a nitro (NO2) group onto theortho carbon of the Tyr ring
to yield 3-nitrotyrosine (3-NT). Moreover, ONOO- is able
to cross-link proteins by the oxidative addition of two tyrosyl
radicals to form 3,3′-dityrosine (3,3′-DT) (17, 18).

3-NT and 3,3′-DT levels are significantly elevated in AD
hippocampus (19), and 3-NT-modified proteins selectively
localize to NFTs in post-mortem AD brain (10, 11). Using
antibodies specific to nitratedR-synuclein, Giasson and
colleagues show robust staining of the signature protein
aggregates in Parkinson’s disease (20). Similarly, im-
munological probes raised against nitratedR-synuclein that
also recognize nitratedτ decorate NFTs andτ inclusions in
AD brain (21). More recent work demonstrates that ONOO-

can induceR-synuclein oligomerization through covalent
3,3′-DT cross-linking (17). Taken together, these data suggest
that ONOO- may facilitate the misfolding and deposition
of select proteins through nitrative and/or oxidative modi-
fication.

Here we report thatτ is a substrate for nitration and
oxidation by ONOO- in Vitro, leading to the formation of
covalently coupled, SDS-resistant oligomers. While the
oxidative role of ONOO- promotes oligomerization via 3,3′-
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DT cross-linking, the nitrative role of ONOO- inhibits τ
polymerization. The inhibitory effect of nitration onτ
assembly is influenced by the chemical nature of the 3-NT
modification, as pseudophosphorylation at these same Tyr
residues does not affectτ polymerization.

EXPERIMENTAL PROCEDURES

Mutagenesis, Expression, and Purification of hτ40. The
pT7C-hτ40 plasmid that drives the expression of full-length
humanτ (hτ40) fused to an N-terminal six-His affinity tag
has been described previously (22). The hτ40 cDNA was
mutagenized using a site-directed mutagenesis kit (Strat-
agene) with primers that define the sequence flanking each
targeted codon. In some instances, multiple rounds of
mutagenesis were performed to alter two or more amino acids
on the hτ40 protein. A summary of the hτ40 mutants used
in this study, along with their adopted nomenclature, is
presented in Table 1. All mutations were confirmed by DNA
sequencing. Wild-type and mutant hτ40 proteins were
expressed in BL21 cells (Invitrogen) and purified over a Ni-
NTA agarose column (Qiagen) (23). Size-exclusion chro-
matography was also performed to separate full-length hτ40
from C-terminal truncation products and incompletely trans-
lated hτ40 proteins that retain the N-terminal affinity tag (23).
Protein concentrations were determined by the Lowry method
using bovine serum albumin as a standard (24).

Nitration and/or Oxidation of Wild-Type and Mutant hτ40.
ONOO- was prepared from sodium nitrite and acidified H2O2

as described previously (25). Unreacted H2O2 was removed
by passing the ONOO- stock solution over a manganese
dioxide column (26). The ONOO- concentration was mea-
sured spectrophotometrically at 302 nm in 0.3 M NaOH (ε302

) 1670 M-1 cm-1) prior to each experiment (27). Wild-
type and mutant hτ40 proteins (4-6 mg/mL) were buffer
exchanged into nitration buffer [100 mM potassium phos-
phate, 25 mM sodium bicarbonate (pH 7.4), and 0.1 mM
diethylenetriaminepentaacetic acid] (28) and treated with a
0.5-, 5.0-, 10-, 50-, or 100-fold molar excess of ONOO-.
ONOO- was added as two boluses with vigorous stirring
for 30 s at room temperature. The final pH was measured

and kept at pH 7.4 (28). As a negative control for nitration,
ONOO- was degraded in nitration buffer prior to addition
to the hτ40 solution (29).

Nitrated wild-type and mutant hτ40 proteins were boiled
for 10 min in Laemmli sample buffer [0.125 M Tris (pH
6.8), 4% SDS, 20% glycerol, and 10%â-mercaptoethanol],
resolved electrophoretically, and transferred onto nitrocel-
lulose membranes. Membranes were blocked for 1 h in a
5% (w/v) solution of nonfat dry milk and then incubated for
16 h at 4°C in a polyclonal 3-NT (Chemicon; 1µg/mL) or
monoclonal Tau-5 (20 ng/mL) antibody solution. Following
a secondary incubation with a HRP-conjugated anti-mouse
or anti-rabbit antibody (Jackson ImmunoResearch), the
membranes were developed using enhanced chemilumines-
cence (Amersham Biosciences) and exposed to autoradio-
graphic film. To validate the specificity of the 3-NT antibody,
the 3-NT moiety was chemically reduced to 3-aminotyrosine
prior to Western detection by exposing duplicate membranes
to 0.5 M sodium hydrosulfite (Sigma) in 0.1 M NaOH under
argon (30).

As an independent measure of oxidation, wild-type and
mutant hτ40 proteins (4-6 mg/mL) were reacted with 0.25
µM human myeloperoxidase (MPO, Calbiochem) and 200
µM H2O2 for 1 h at room temperature (17). To assay for
both nitrative and oxidative conditions, wild-type and mutant
hτ40 proteins were treated with 0.25µM human MPO, 200
µM H2O2, and 100µM NaNO2 as described previously (17).

Characterization of 3,3′-Dityrosine.Wild-type hτ40 pro-
teins (30 mg) were extensively dialyzed against nitration
buffer and treated with a 100-fold molar excess of ONOO-.
The hτ40 oligomers were separated from monomeric, nitrated
hτ40 proteins using gel filtration with a high-resolution
Sephacryl S-300 matrix (Amersham Biosciences) (23).
Purified hτ40 oligomers were hydrolyzed into their constitu-
ent amino acids by reaction with 6 N HCl at 110°C for 16
h under argon. The hydrolysates were lyophilized, resus-
pended into 0.1% trifluoroacetic acid (TFA), and separated
on a Platinum C18 reverse-phase column (5µm, 300 Å, 250
mm × 4.6 mm, Alltech) at 1 mL/min. High-performance

Table 1: Nomenclature and Description of All hτ40 Mutants Used in This Studya

Nomenclature Description Purpose
18Y hτ40 harboring a single Tyr at Tyr18; i.e.,Y29F, Y197F, Y310F, Y394F To target Tyr18 for oxidative and/or

nitrative modification
29Y hτ40 harboring a single Tyr at Tyr29; i.e.,Y18F, Y197F, Y310F, Y394F To target Tyr29 for oxidative and/or

nitrative modification
197Y hτ40 harboring a single Tyr at Tyr197; i.e.,Y18F, Y29F, Y310F, Y394F To target Tyr197 for oxidative and/or

nitrative modification
310Y hτ40 harboring a single Tyr at Tyr310; i.e.,Y18F, Y29F, Y197F, Y394F To target Tyr310 for oxidative and/or

nitrative modification
394Y hτ40 harboring a single Tyr at Tyr394; i.e.,Y18F, Y29F, Y197F, Y310F To target Tyr394 for oxidative and/or

nitrative modification
5x Y f F hτ40 lacking all Tyr residues; i.e.,Y18F, Y29F, Y197F, Y310F, Y394F Negative control for Tyr modification
C291A/C322A hτ40 doubly mutated at both Cys residues; i.e.,C291A andC322A Negative control for oxidative disulfide

bond formation
Y18E hτ40 harboring a single Yf E mutation at Tyr18 To mimic phosphorylation at Tyr18
Y29E hτ40 harboring a single Yf E mutation at Tyr29 To mimic phosphorylation at Tyr29
Y197E hτ40 harboring a single Yf E mutation at Tyr197 To mimic phosphorylation at Tyr197
Y310E hτ40 harboring a single Yf E mutation at Tyr310 To mimic phosphorylation at Tyr310
Y310F hτ40 harboring a single Yf F mutation at Tyr310 To control for the effects ofY310E

on hτ40 polymerization
Y394E hτ40 harboring a single Yf E mutation at Tyr394 To mimic phosphorylation at Tyr394

a Full-length humanτ (hτ40) contains five Tyr residues located at positions 18, 29, 197, 310, and 394.
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liquid chromatography (HPLC) was performed on a HP 1100
system (Hewlett-Packard) using a linear gradient of 0 to 15%
acetonitrile containing 0.1% TFA over the course of 30 min.
Eluates were monitored by their UV absorbance at 215 nm
and their fluorescent emission profile (λex ) 283 nm,λem )
410 nm).L-Tyrosine, 3,3′-dityrosine, and 3-nitro-L-tyrosine
were identified by their coelution with external standards.
The 3,3′-dityrosine standard was synthesized by reacting
horseradish peroxidase withL-tyrosine and H2O2 (28).

Electrospray ionization mass spectrometry (ESI-MS) was
performed on a 1100 LC/MSD Trap XCT system (Agilent
Technologies) equipped with an electrospray source operating
in the positive ion mode. Nitrated and nonmodified hτ40
hydrolysates were separated on a Platinum C18 reverse-phase
column (5µm, 300 Å, 250 mm× 4.6 mm, Alltech) at a
flow rate of 400µL/min. An increasing linear gradient from
0 to 15% acetonitrile containing 0.1% formic acid was used
to resolve the reaction products. The ESI conditions were
as follows: capillary temperature of 325°C, nitrogen sheath
gas pressure of 18 psi, and ion spray voltage of 2.5 kV.
Tandem MS/MS was also performed using collision-induced
dissociation to further characterize the 3,3′-DT product. All
mass spectra were externally calibrated.

Mass Mapping of Site-Specific hτ40 Nitration.For peptide
mass fingerprinting analysis, 100 pmol of hτ40 treated with
a 100-fold molar excess of either degraded or active ONOO-

was digested with sequence-grade trypsin (Promega) for 16
h. Tryptic peptides were dried under vacuum, resuspended
in 0.1% TFA, desalted with C18 ziptips (Millipore), and eluted
onto the MS target plate in a 0.1% TFA/50% acetonitrile
mixture saturated withR-cyano-4-hydroxycinnamic acid.
Peptides were analyzed using a Voyager DE-Pro matrix-
assisted laser desorption ionization time-of-flight (MALDI-
TOF) mass spectrometer in the reflector positive ion mode
(Perseptive Biosystems). The accelerating voltage was set
to 20 000 V, and the grid voltage was 70%. The laser setting
varied between 2800 and 3100, and data were acquired using
100 scans/spectrum with an acquisition mass range from 500
to 3500 Da. All mass spectra were externally calibrated.

Cleavage of the N-terminal six-His affinity tag was
performed using a Thrombin CleanCleave kit (Sigma)
according to the manufacturer’s instructions. Briefly, hτ40
proteins (1 mg/mL) were extensively dialyzed against
cleavage buffer [50 mM Tris-HCl (pH 8.0) and 10 mM
CaCl2] and digested for 1 h at room temperature with
thrombin-agarose resin. Following cleavage, the resin was
removed via centrifugation (10 000g), and cleavage ef-
ficiency was assayed by Western blot using anti-six-His
(Calbiochem; 1µg/mL) and Tau-5 (20 ng/mL) antibodies.

In Vitro Polymerization and Electron Microscopy.Wild-
type, nitrated, and mutant hτ40 proteins were diluted in
polymerization buffer [10 mM HEPES (pH 7.4), 100 mM
NaCl, and 5 mM DTT] to a final concentration of 4µM.
Nitrated, monomeric hτ40 was isolated via size-exclusion
chromatography as described in detail above. Polymerization
was induced with arachidonic acid (75µM), and right-angle
laser light scatter (LLS) was monitored over a 6 h period
(31). It was previously demonstrated that the N-terminal six-
His affinity tag has no effect onin Vitro hτ40 assembly (32).
All data were fit by nonlinear regression to one- or two-
phase exponential association curves.

After 6 h, polymerization samples were fixed in 2% (w/
v) glutaraldehyde for electron microscopy (EM) analysis.
300-mesh, carbon-coated Formvar grids (Electron Micro-
scopy Sciences) were prepared and negatively stained using
2% (w/v) uranyl acetate (31). Grids were analyzed using the
JEOL JEM-1220 EM instrument at 60 kV and a magnifica-
tion of 20 000×. For each sample, grids were prepared in
duplicate and filament dimensions were quantified from six
random images per grid (32). Images were processed in
Adobe Photoshop 7.0, and quantification was performed
using Optimas 6.5 software (Media Cybernetics) as described
previously (32). The average mass of filaments per field was
determined by multiplying the field’s average filament length
by the average filament number. The level of statistical
significance was set at 0.05 (two-tailedt test).

RESULTS

ONOO- Induces the Nitration and SDS-Resistant Oligo-
merization of hτ40. To examine the effects of nitrative and
oxidative injury onτ aggregation, full-length humanτ (hτ40)
protein was treated with increasing molar equivalents of
ONOO-. Nitration and totalτ protein were assayed by
Western blot using 3-NT and Tau-5 antibodies, respectively.
As shown by SDS-PAGE, the level of monomeric hτ40
(68 kDa) decreases as a function of increasing ONOO-

concentration (Figure 1A). This reduction of Tau-5 immu-
noreactivity at 68 kDa can be attributed to the loss of
monomeric hτ40 and not to artifactual loss of antibody
binding, as confirmed by Coomassie blue staining and
immunodetection with a panel ofτ antibodies that span the

FIGURE 1: Treatment of hτ40 with ONOO- induces 3-NT immu-
noreactivity and the formation of heat-stable, SDS-resistant oligo-
mers. Full-lengthτ (hτ40) protein was treated with a 0.5-, 5.0-,
10-, 50-, or 100-fold molar excess of ONOO-, fractionated by
SDS-PAGE, transferred onto nitrocellulose membranes, and
detected using the antibodies Tau-5 (A) and 3-NT (B and C). Panel
C illustrates a longer exposure time of the blot from panel B. As
a negative control, hτ40 was treated with degraded ONOO- (lane
1). hτ40 doubly mutated at both cysteine residues (C291A/C322A)
was also treated with a 100-fold molar excess of ONOO- and
processed alongside hτ40 proteins. The band migrating at 69 kDa
(C, arrow) can be attributed to cross-reactivity of the 3-NT antibody
with unmodified hτ40. Five (A) and fifty (B and C) nanograms of
protein were loaded per well. Results are representative of four
independent experiments.
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length of the molecule (data not shown). Moreover, the
decrease in the level of monomeric hτ40 coincides with the
appearance of heat-stable, SDS-insoluble oligomers ranging
in size from 140 (dimer) to 210 kDa (trimer). It is noteworthy
to include that the decrease in the level of hτ40 monomer
does not appear to be proportional to the increase in the level
of hτ40 oligomers, as would be predicted by densitometry
analysis. This observation can be explained by the fact that
Western blot transfer efficiencies are inversely proportional
to protein size, especially for proteins larger than 100 kDa.
In fact, by Coomassie blue staining, we observed incomplete
transfer of high-molecular mass hτ40 oligomers from the
gel to the membrane (data not shown). While substoichio-
metric amounts of ONOO- fail to induce hτ40 oligomer-
ization, concentrations ofg5-fold efficiently aggregate hτ40
proteins. Formation of disulfide bonds is not required for
ONOO--mediated oligomerization, as hτ40 lacking both
cysteine residues (C291A/C322A) also produces high-molecular
mass aggregates (Figure 1A).

ONOO- also induces monomeric hτ40 nitration at ag50-
fold molar excess (Figure 1B). These bands are specific to
the 3-NT modification, as reduction of the 3-NT group to
3-aminotyrosine with sodium hydrosulfite abolishes this
immunoreactivity (data not shown). The 3-NT antibody also
detects doubly mutated hτ40 (C291A/C322A), suggesting that
nitrated sulfhydryl groups are not responsible for the 3-NT
reactivity. It merits attention that the amount of protein
loaded per lane in Figure 1B is 10-fold greater than that
loaded in Figure 1A (50 and 5 ng, respectively). For this
reason, upon treatment with high ONOO- concentrations,
monomeric hτ40 appears to be completely consumed in
Figure 1A, yet its presence is apparent in Figure 1B. Longer
exposure times with the 3-NT antibody reveal a high-
molecular mass smear ranging from∼140 to 210 kDa
(Figure 1C). The additional exposure time needed to visualize
the hτ40 oligomers suggests that these aggregates may not
be heavily nitrated. A possible explanation for the relative
lack of 3-NT in the hτ40 aggregates is that other modifica-
tions of Tyr may destabilize the phenolic ring and render it
less susceptible to nitration. The protein band migrating at
69 kDa (Figure 1C, arrow) can be attributed to cross-
reactivity of the primary antibody with unmodified hτ40.

Oxidation Alone Promotes hτ40 Oligomerization.To
delineate whether the oxidative or nitrative role of ONOO-

is responsible for hτ40 oligomerization, we exposed hτ40
to either oxidative [myeloperoxidase (MPO) and H2O2] or
oxidative and nitrative (MPO, H2O2, and NO2

-) conditions.
Treatment of hτ40 with MPO and H2O2 results in the
formation of higher-order bands at 140 and 210 kDa (Figure
2A). This observation strongly suggests that oxidative
conditions alone are sufficient to generate hτ40 aggregates.
The combination of MPO, H2O2, and NO2

- synergistically
promotes hτ40 oligomerization, as seen from the intense
signal around∼140-210 kDa. The formation of disulfide
bonds is not entirely responsible for this oxidative cross-
linking because a double hτ40 mutant lacking cysteine
residues (C291A/C322A; designated “Cysless” in Figure 2) is
aggregation competent. Interestingly, treatment of theC291A/
C322A double mutant with MPO, H2O2, and NO2

- does not
significantly enhance aggregation compared to treatment with
oxidative conditions alone (Figure 2A, compare lanes 4 and
5). This observation suggests that, under these conditions,

cysteine modification contributes to wild-type hτ40 aggrega-
tion. As expected, MPO-catalyzed nitration occurs only in
the presence of NO2- (Figure 2B). Oxidation and/or nitration
of hτ40 by MPO, however, occurs less efficiently than with
ONOO- given that it required 10-20-fold more protein per
lane to reveal oligomeric hτ40 (50 and 100 ng in panels A
and B of Figure 2, respectively). Moreover, in addition to
detecting these high-molecular mass bands, longer exposure
times reveal the cross-reactivity of the primary antibody with
unmodified hτ40 (Figure 2B, arrow) and smaller, C-terminal
truncation products that copurify with hτ40 during the protein
preparation (Figure 2A and 2B,e60 kDa; see Experimental
Procedures).

hτ40 Oligomers Contain 3,3′-Dityrosine.Given the struc-
tural stability of the hτ40 oligomers, we suspected that the
coupling mechanism most likely occurred via a covalent
bridge. Further, because disulfide bond formation cannot
account for this oxidative cross-linking (Figure 1A, lane 7),
and because hτ40 lacks tryptophan residues, another potential
oxidative target, we hypothesized that 3,3′-DT was respon-
sible for ONOO--mediated oligomerization. To test this,
purified hτ40 oligomers were acid hydrolyzed into their
constituent amino acids and separated by reverse-phase
HPLC. A peak was observed by HPLC that coeluted with a
purified 3,3′-DT standard (tR ) 17.8 min) and also exhibited
the fluorescent signature of 3,3′-DT (λex ) 283 nm,λem )
410 nm) (Figure 3A, top and bottom, respectively). Consis-
tent with the mass of 3,3′-DT, the ESI-MS spectrum of this
peak shows a molecular ion (M+ H)+ at m/z 361 (Figure
3B). Tandem MS/MS analysis of the molecular ion further
confirms the identity of 3,3′-DT, demonstrating the loss of
NH3 and CO2H groups atm/z344 and 315, respectively ([M

FIGURE 2: Oxidative conditions alone induce the SDS-resistant
oligomerization of hτ40. Wild-type hτ40 or hτ40 doubly mutated
at both cysteine residues (C291A/C322A, termed Cysless) was treated
with MPO and H2O2 (oxidative conditions) or MPO, H2O2, and
NaNO2 (oxidative and nitrative conditions). Untreated hτ40 was
included as a negative control (lane 1). Proteins were fractionated
by SDS-PAGE, transferred onto nitrocellulose membranes, and
detected using the antibodies Tau-5 (A) and 3-NT (B). The band
migrating at 69 kDa (B, arrow) can be attributed to cross-reactivity
of the 3-NT antibody with unmodified hτ40. Fifty (A) and one
hundred (B) nanograms of protein were loaded per well. Results
are representative of four independent experiments.
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+ H]+) (Figure 3C). In addition, consistent with our results
showing nitration of higher-order oligomers (Figure 1C), a
peak was observed by HPLC that coeluted with a 3-nitro-
L-tyrosine standard and exhibited the mass ([M+ H]+ at
m/z 227) and fragmentation properties of 3-NT (data not
shown). Taken together, these data suggest that 3,3-DT
promotes and/or stabilizes hτ40 aggregation via Tyr bridging.

Nitration of hτ40 by ONOO- Exhibits Hierarchical Site
Specificity.Protein nitration occurs with biological selectivity
and can profoundly affect protein folding and function (33-
38). Therefore, as a first step in delineating the structural
consequences ofτ nitration, we identified the Tyr residues
targeted for nitration. To this end, hτ40 monomers were
treated with either ONOO- or degraded ONOO-, trypsinized,
and analyzed by MALDI-TOF MS. Peaks were assigned to
only those tryptic peptides containing Tyr residues (Figure
4A). Treatment of hτ40 with a 100-fold molar excess of
ONOO- prompts the attenuation of peaks harboring Y18,
Y29, and Y197 (Figure 4B). Concomitantly, these same
peaks each undergo a mass shift of∼45 units, corresponding
to the addition of a single NO2 group (Figure 4C-E). Each
nitrated peptide then sequentially loses two oxygen atoms
(m/z -16.0 each) to yield characteristic decomposition
products (39, 40). Mass analysis of hτ40 lacking the six-
His affinity tag demonstrates that the tag has no effect on
site-specific hτ40 nitration (data not shown).

Nitration of the tryptic peptides containing Y310 and Y394
was never observed by MALDI. However, these peptides
generated low-intensity signals that were occasionally absent
in MS scans. Therefore, to verify site-specific nitration of
hτ40, mutant proteins were generated to convert four of the
five Tyr residues to Phe (Table 1). This approach allowed
us to nitrate individual Tyr residues within the context of

the full-length protein and to assay site-specific nitration with
a 3-NT antibody. Western blot analysis shows that hτ40
nitration by ONOO- exhibits site selectivity toward residues
Y18 and Y29 (Figure 5B). Longer exposure times reveal
that Y18, Y29, and to a lesser extent Y197 and Y394 are
substrates for ONOO--mediated nitration (Figure 5C). Y18
and Y29 are the only residues modified when hτ40 is
exposed to a 50-fold molar excess of ONOO- (data not
shown). In addition, nitrated hτ40 aggregates are observed
in the quadruple Yf F mutants only upon extended
exposure times. Intriguingly, Y310 appears to be the least
susceptible to nitration, and nitration at this site occurs only
minimally at a 100-fold molar excess of ONOO-. As
expected, the negative control mutant lacking all Tyr residues
is not nitrated and does not generate nitrated oligomers upon
ONOO- exposure (Figure 5A,B).

Each Tyr residue can self-oligomerize, as evidenced by
the fact that all the quadruple Yf F mutants demonstrate
higher-order bands by Western blot (Figure 5A). ONOO--
mediated oligomerization occurs most efficiently in wild-
type hτ40, most likely due to the greater number of Tyr
residues available for cross-linking. This efficiency is
manifest by the near-complete disappearance of monomeric
hτ40 following ONOO- treatment (Figure 5A, lane 1).
Furthermore, hτ40 lacking all Tyr residues (designated 5x
Y f F) is incapable of aggregation, suggesting that Tyr
residues are essential for ONOO--mediated oligomerization.
Curiously, disulfide bonding does not contribute to oxidative
cross-linking in the hτ40 mutant lacking Tyr residues. These
results differ markedly from those using MPO-catalyzed hτ40
oxidation (Figure 2), whereby disulfide bonding enhances
aggregate formation. Therefore, it is possible that specific
oxidizing and/or nitrating agents differentially influence Cys

FIGURE 3: hτ40 oligomers are oxidatively cross-linked via 3,3′-dityrosine (3,3′-DT). High-molecular mass hτ40 oligomers were enriched
by size-exclusion chromatography and hydrolyzed into their constituent amino acids. (A) Reverse-phase HPLC analysis of hydrolysates
using ultraviolet (215 nm; top panel) and fluorescent detection (λex ) 283 nm,λem ) 410 nm; bottom panel). (B) ESI-MS spectrum of the
fluorescent peak from panel A that coelutes with a synthetic 3,3′-DT standard (tR ∼ 17.8 min). (C) Tandem MS/MS scan of the molecular
ion (M + H)+ at m/z 361 from panel B.
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cross-linking. Also noteworthy is the fact that the residues
most susceptible to nitration (Y18 and Y29, Figure 5B) form
3,3′-DT cross-links most efficiently (Figure 5A). This finding
may be attributable to the high accessibility of N-terminal
residues to the solvent phase and, therefore, to oxidizing and/
or nitrating agents (41).

hτ40 Nitration Inhibits in Vitro Polymerization.To deter-
mine whether nitration influences hτ40 polymerization, right-
angle laser light scattering (LLS) was employed to measure
the rate of hτ40 assembly following arachidonic acid induc-
tion. This model is useful for kinetic analyses due to the ra-
pid polymerization of full-length hτ40 at near-physiological
concentrations (42). We have previously shown that light
scattering (iS) is directly proportional to the mass of fila-
mentous hτ40 in suspension (42). Nitrated, monomeric hτ40
(see Experimental Procedures) polymerizes to a far lesser
extent than wild-type hτ40 (Figure 6A). To examine filament
morphology and validate the LLS results, polymerization
samples were visualized by EM. While wild-type hτ40 gen-
erates abundant filaments (Figure 6B, top), very few fila-
ments are observed in the nitrated hτ40 sample (Figure 6B,
bottom). Nitration of hτ40 reduces the average length of fila-
ments per field to 46% [(1.6% standard error of the mean
(SEM)] of the hτ40 control, and the average number of fila-
ments to 46% ((3.2% SEM) that of the control. In accor-

dance with the LLS data, this corresponds to a 79% reduction
in the average mass of filaments per field ((1.5% SEM).

Pseudophosphorylation of Tyr310 Inhibits in Vitro Poly-
merization.Numerous post-translational modifications influ-
enceτ polymerization (2-6). To assess whether Tyr phos-
phorylation also inhibits hτ40 assembly, we generated hτ40
proteins with single Tyrf Glu mutations at each of the five
Tyr residues to mimic phosphorylation at these sites (Table
1). LLS analysis of theY18E, Y29E, Y197E, andY394E hτ40
mutants, the same residues nitrated by ONOO- in Vitro,
demonstrates that pseudophosphorylation of these sites does
not influence hτ40 assembly relative to the wild-type control
(Figure 7A). In fact, only theY310E modification, the only
Tyr residuenot nitrated by ONOO- in Vitro, inhibits hτ40
assembly (Figure 7A). This effect is specific to the chemical
nature of the pseudo-phosphate moiety and not to disruption
of the Tyr residue, because aY310F mutant was fully com-
petent to assemble. The reduction in light scattering exhibited
by theY310E mutant was confirmed ultrastructurally by EM
(Figure 7B,C). Similar to nitrated hτ40, theY310E mutant
reduced the average length of filaments per field to 47%
((2.1% SEM) of the hτ40 control, and the average number
of filaments to 19% ((0.7 SEM) that of the control. There
was a 91% reduction in the average mass of filaments per
field ((0.1% SEM).

FIGURE 4: Mass mapping of site-specific hτ40 nitration by ONOO-. hτ40 proteins were treated with a 100-fold molar excess of either
degraded or active ONOO-, trypsinized overnight, and the peptide fragments were analyzed by MALDI-TOF MS. (A) Peptide mass
fingerprinting analysis of nonmodified hτ40 peptides. Peaks have been assigned to only those fragments containing Tyr residues. (B) Mass
analysis of nitrated hτ40 peptides. Boxed regions C-E are enlarged in panels C-E. (C) Expanded version of box C from panel B showing
select nitration of Y197. (D) Expanded version of box D from panel B showing select nitration of Y18. (E) Expanded version of box E
from panel B showing select nitration of Y29. Results are representative of four independent experiments.
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DISCUSSION

A substantial body of evidence supports the notion that
nitrative and oxidative injury contribute to neurodegeneration
in AD (10-13). The levels of 3-NT-modified proteins are
significantly elevated in AD brain and cerebrospinal fluid
(43-45). Furthermore, immunohistochemical analyses show
that nitrated proteins selectively localize to NFTs in Alzhe-
imer’s brain (10, 11). The hippocampus, a region exquisitely
vulnerable to NFT formation, demonstrates the greatest
change in levels of 3-NT and 3,3′-DT, showing increases of
∼8- and 5-fold, respectively, relative to age-matched controls
(19). More recently, several of the proteinaceous targets of
nitration and oxidation have been identified. Using an
antibody that recognizes nitratedτ, Horiguchi et al. (21)
demonstrate staining of pretangles, tangles, andτ inclusions
in AD brain. The robust staining of pretangles in early AD
cases (Braak and Braak stage I-II) and the diminution of
staining in more advanced cases (Braak and Braak stage
V-VI) suggest thatτ nitration may be an early event in AD
(21). In addition, several reports show that oxidative 3,3′-
DT cross-linking promotes the oligomerization of proteins
known to aggregate in neurodegenerative disease (17, 18).
Although these findings implicate oxidative and nitrative
modifications in the self-assembly of disease proteins, the
relationship between oxidation/nitration andτ polymerization
has heretofore remained elusive.

ONOO- Promotes the SDS-Resistant Oligomerization of
hτ40. In this report, we examine the effects of ONOO--
mediated nitration and oxidation onτ polymerizationin Vitro.
Our data demonstrate that (1) hτ40 is a substrate for nitration
and oxidative 3,3′-DT cross-linking by ONOO-, (2) Tyr

FIGURE 5: Immunodetection of site-specific hτ40 nitration by
ONOO-. hτ40 was mutagenized to convert four of the five Tyr
residues to Phe (see Table 1) and then treated with a 100-fold molar
excess of ONOO-. Proteins were fractionated by SDS-PAGE,
transferred onto nitrocellulose membranes, and detected using the
antibodies Tau-5 (A) and 3-NT (B and C). Panel C illustrates a
longer exposure time of the blot from panel B. Wild-type hτ40
treated with ONOO- (lane 1) and a ONOO--treated hτ40 construct
lacking all Tyr residues (lane 7) were included as controls. The
band migrating at 69 kDa (C, arrow) can be attributed to cross-
reactivity of the 3-NT antibody with unmodified hτ40. Five (A)
and fifty (B and C) nanograms of protein were loaded per well.
Results are representative of four independent experiments.

FIGURE 6: Nitration of hτ40 by ONOO- inhibits in Vitro poly-
merization. Right-angle laser light scattering was performed to
measure the rate of hτ40 assembly following arachidonic acid
induction. (A) The intensity of scattered light (is) is shown as a
function of induction time for nonmodified (b) and nitrated hτ40
(2). Data are plotted as the mean( SEM of four independent
measurements. (B) Negative-stain electron micrographs of non-
modified (top) and nitrated (bottom) hτ40 filaments following a 6
h induction period. (C) Quantitative EM measurements from
nonmodified and nitrated hτ40 filaments. The average length,
number, and mass per field of nitrated hτ40 filaments are expres-
sed relative to nonmodified hτ40 filaments. Results are from
four independent experiments, and error bars represent the
SEM (/ ) p < 0.005;// ) p < 0.001). The size bar represents
500 nm.
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residues are essential for ONOO--mediated oligomerization,
(3) site-specific nitration of Y18, Y29, and to a lesser degree
Y197 and Y394 inhibits hτ40 polymerization, and (4)
pseudophosphorylation at these same residues does not
recapitulate the inhibitory effect on hτ40 assembly. The
ability of hτ40 to form thermally stable, SDS-insoluble
oligomers through 3,3′-DT bridging has important implica-
tions for τ metabolism and Alzheimer’s pathogenesis.
Perhaps most importantly, the 3,3′-DT bond facilitates
conversion of monomeric hτ40 into higher-molecular mass
oligomers. This covalent link would enhance the structural
integrity of polymericτ and confer resistance to denaturing
and chaotropic agents (17, 18). Unlike the transitory disulfide
bonding between adjacent Cys residues, 3,3′-DT bonds are
irreversible and highly resistant to proteolytic degradation.
In fact, by SDS-PAGE, these oligomers are highly remi-
niscent of fibrillar τ derived from post-mortem AD brain
(46, 47) and may explain how a wild-type protein devoid of
secondary structure can form highly insoluble deposits.

One possible mechanism for how 3,3′-DT cross-linking
could contribute to AD neurodegeneration is by stabilizing
preformedτ filaments. Evidence fromin ViVo animal models
demonstrates that a substantialτ filament burden is required
for degenerative changes (48). This finding suggests thatτ
filaments alone may not be sufficient for cytotoxicity.
However, stabilization ofτ filaments through 3,3′-DT
bridging could reduce their solubility and deter proteolysis,
thereby preventing the efficient removal ofτ filaments from
the neuron. The buildup of filamentousτ protein may
subsequently lead to inclusion body formation and neuro-
degeneration.

Given that the cellular concentration ofτ is estimated to
be 2-4 µM (42) and 3,3′-DT bridging of hτ40 occurs at a
5-fold molar excess of ONOO- in Vitro (Figure 1A), we
estimate that a ONOO- concentration of only 10-20 µM
would be necessary to oligomerizeτ in ViVo. Under condi-
tions of oxidative stress, which occurs during AD-associated
inflammation, this concentration of ONOO- is highly
plausible (27, 33) and could convert solubleτ into insoluble
polymers or stabilize pre-existing polymers. This cross-
linking event may, therefore, provide a putative link between
neuroinflammation and pathological protein deposition.

Structural and Functional Implications of Site-Specific
Nitration. Only a select number of proteins are modified by
nitration in ViVo (27, 33). Importantly, of those proteins
subject to nitration, only specific Tyr residues are modified
(49-53). Based upon the factors that influence nitrationin
Vitro, it is not surprising that the N-terminal Tyr residues of
τ (Y18 and Y29) are primary substrates for nitration. The
N-terminus ofτ lacks any demonstrable tendency to form
secondary structure (41) and projects away from the micro-
tubule (MT) surface whenτ is bound to MTs (54). Due to
this paucity of structure and high level of exposure to the
solvent phase, these residues are highly accessible to
modification. The N-terminal Tyr residues also lie within a
carboxylic acid-rich environment, are adjacent to several
turn-inducing residues, and are removed from nearby Cys
residues that are alternative targets for oxidation and can
provide steric hindrance by disulfide bridging (55). Signifi-
cantly, Y310 and Y394 both lie in the predictedâ-sheet
regions ofτ (42), and this factor might preclude nitration at
these sites.

FIGURE 7: Pseudophosphorylation atY310E inhibits hτ40 poly-
merizationin Vitro. Right-angle laser light scattering was performed
to measure the rate of hτ40 assembly following arachidonic acid
induction. (A) The intensity of scattered light (is) is shown as a
function of induction time for wild-type (9) and mutant [Y18E (2),
Y29E (1), Y197E ([), Y310E (b), Y394E (0), andY310F (4)] hτ40.
Data are plotted as the mean( SEM of four independent
measurements. (B) Negative stain electron micrographs of wild-
type (top) andY310E (bottom) hτ40 filaments following a 6 h
induction period. (C) Quantitative EM measurements from wild-
type andY310E hτ40 filaments. The average length, number, and
mass per field ofY310E hτ40 filaments are expressed relative to
nonmodified hτ40 filaments. Results are from four independent
experiments, and error bars represent the SEM (/ ) p < 0.005;//
) p < 0.0005). The size bar represents 500 nm.
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Our observation that 3-NT modification is unfavorable at
Y310 suggests that nitration inhibits hτ40 assembly in a
manner distinct from pseudophosphorylation. Y310 resides
within a hexapeptide motif (306VQIVYK 311) known to be
essential forin Vitro τ assembly (9). Consistent with our data,
pseudophosphorylation at Y310 may prevent the stacking
interaction necessary forτ polymerization (56), thereby
inhibiting τ filament formation. Moreover, previous work
from our laboratory has shown thatτ undergoes a change in
conformation whereby the N-terminus folds back upon the
third MT binding repeat. This event coincides with early
filamentous changes inτ and is detected by the conformation-
sensitive antibody Alz-50 (22, 57). It has also been proposed
that the Alz-50 interaction between the negatively charged
N-terminus of τ and the positively charged MT binding
repeat may be electrostatic in nature (42). If so, nitration at
Y18 and/or Y29 may sterically hinder the Alz-50 conforma-
tion, thereby preventingτ polymerization. Alternatively,
Y197 lies within a proline-rich “hinge” region that imparts
flexibility to the τ molecule that is necessary for the Alz-50
conformation to occur (42). Nitration at Y197 may reduce
this flexibility, straighten theτ backbone, and preclude the
Alz-50 conformation. Spontaneous formation of the Alz-50
conformation may also explain the site-specific and hierar-
chical nitration ofτ observedin Vitro. It is entirely conceiv-
able thatτ can assume a solution conformation (i.e., Alz-50
conformation) that does not involve a change in secondary
structure detectable by circular dichroism spectroscopy (22).
Assumption of the Alz-50 conformation could then account
for the preferential nitration of the N-terminal residues Y18
and Y29.

We clearly show that nitration and pseudophosphorylation
of specific Tyr residues can differentially affectτ polymer-
ization in Vitro. One potentialin ViVo correlate to these
findings is that oxidizing agents and kinases may compete
to fill these same sites. Recent work shows that Y18 ofτ
can be phosphorylated by the src family tyrosine kinase, fyn,
and that fyn is upregulated in a subset of AD neurons (58,
59). Moreover, phosphorylation of Y18 occurs in paired
helical filament preparations extracted from AD brain (58).
This finding is consistent with our results showing that
pseudophosphorylation at Y18 is permissive to hτ40 as-
sembly. Our data also show that nitration of Y18 may serve
to preventτ polymerization, given that Y18 and Y29 are
the primary substrates of ONOO- and that nitration inhibits
hτ40 assembly. Accordingly, competition to fill the Y18 site
may shift the equilibrium ofτ molecules toward monomer
(nitration of Y18) or polymer (phosphorylation of Y18).
Because no known “nitrases” have been isolatedin ViVo,
however, nitration may exert a more lasting effect onτ
polymerization (33).

Our finding that ONOO--mediated nitration inhibitsτ
polymerization suggests that this pathway may protect against
pathological protein deposition. For example, upon Aâ
peptide stimulation, microglia increase production of O2

•-

(60-62) and upregulate the inducible form of nitric oxide
synthase (iNOS) to yield high levels of NO• (63, 64).
Induction of NO• and O2

•- results in ONOO- generation with
subsequent protein nitration. Accordingly, in Alzheimer’s
brain, microgliosis adjacent to neurons containing intracel-
lular τ fibrils may serve to preventτ polymerization and,
subsequently, NFT formation. Chronic, unregulated produc-

tion of ONOO- by reactive glia, however, may negate the
beneficial effects of nitration by stabilizingτ aggregates
through oxidative 3,3′-DT cross-linking. However, our results
cannot exclude the possibility that small aggregates produced
from nitratedτ monomers might even be more cytotoxic than
the filaments assembled from the wild-typeτ protein (65).

Collectively, our data suggest that ONOO- exerts antago-
nistic effects onτ polymerization based upon its dichotomous
nitrative and oxidative roles. To our knowledge, this is the
first report to demonstrateτ cross-linking through 3,3′-DT
and to show that site-specific nitration impactsτ polymer-
ization. Additional studies will be required to determine the
significance of site-specific nitration and oxidative 3,3′-DT
bridging in ViVo. Nonetheless, these findings contribute to a
rapidly expanding body of knowledge illustrating how post-
translational events influenceτ self-assembly in Alzheimer’s
brain.
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