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ABSTRACT: Previously, we reported that the microtubule-associatedτ protein, the major constituent of
neurofibrillary tangles (NFTs) in Alzheimer’s brain, undergoes site-selective nitration by peroxynitrite
(ONOO-) and that this event inhibitsτ polymerization in vitro [Reynolds et al. (2005)Biochemistry 44,
1690-1700]. In the present study, we extend our analysis ofτ nitration to include mutantτ proteins
singly nitrated at each residue targeted by ONOO- in vitro (Tyr18, Tyr29, Tyr197, and Tyr394). Using
our polymerization paradigm, we demonstrate that site-specific Tyr nitration differentially alters the rate
and/or extent ofτ assembly and generates robust changes in filament morphology. As determined by
quantitative electron microscopy, select nitration of residues Tyr29 and Tyr197 increases the average
length of syntheticτ filaments but does not alter the steady-state polymer mass. In contrast, site-specific
nitration of residues Tyr18 and Tyr394 decreases the average length and/or number of synthetic filaments,
resulting in a significant reduction in filamentous mass and an increase inτ critical concentration.
Intriguingly, affinity measurements demonstrate that nitrative modifications do not preclude formation of
the Alz-50 epitope, a pathologicalτ conformation detectable in authentic paired helical filaments (PHFτ).
In fact, the Alz-50 antibody binds filaments assembled from nitrated mutantτ with higher avidity than
wild-type filaments, even in instances where the overall filamentous mass is reduced. Taken together, our
results suggest that site-specific nitration modulates the nucleation and/or elongation capacity of assembly-
competentτ and that assumption of the Alz-50 conformation may be necessary, but not sufficient, to
induce filament formation.

Alzheimer’s disease (AD)1 is a progressive amnestic
dementia characterized by the pathological self-association
of the microtubule-associatedτ protein into filamentous
inclusions. The signature fibrillar pathologies of AD include
neurofibrillary tangles (NFT), neuritic plaques, and neuropil
threads. The NFT, whose distribution in vulnerable brain
regions closely correlates with cognitive deficits in patients
with AD (1, 2), is largely comprised of theτ protein
assembled into paired helical filaments (PHF) and straight
filaments (SF) (3-5). While PHFτ is arranged into longi-
tudinal helices with a constant periodicity, SFs lack any
demonstrable helical morphology. Insolubleτ inclusions have
also been identified in other non-AD neurodegenerative
disorders, including progressive supranuclear palsy (6),
corticobasal degeneration (7), Pick disease (8), dementia

pugilistica (9), Down syndrome (10), and frontotemporal
dementia and Parkinsonism linked to chromosome 17 (11).
The observation thatτ deposition is a common denominator
among these diverse diseases suggests thatτ dysfunction may
represent an end-stage response to a wide variety of
neurological insults. The molecular mechanisms governing
this process, however, remain largely undefined.

Post-translational phosphorylation (12-14), glycation (15),
truncation (16), and conformational changes (17-19) have
all been shown to play a role in the series of events leading
to fibrillar τ pathology. In addition, AD-associated inflam-
mation promotes the formation of peroxynitrite (ONOO-),
a potent in vivo oxidant capable of Tyr nitration (20) and
oxidative protein cross-linking via 3,3′-dityrosine (3,3′-DT)
linkages (21, 22). Substantial evidence indicates that nitration
occurs with biological specificity and can profoundly alter
protein folding and function (23-27). Presumably, the
3-nitrotyrosine (3-NT) moiety modifies protein function by
altering the hydrophobicity, hydrogen bonding, and electro-
static properties within the targeted protein. In fact, the
function of several proteins implicated in neurodegenerative
disease is modulated by nitration of only a single Tyr residue.
For example, nitration of Tyr34 by ONOO- is responsible
for inactivation of the human mitochondrial manganese-
superoxide dismutase (Mn-SOD) enzyme (28). Once this
enzyme is inactivated, O2•- and NO• accumulate in the
mitochondrial matrix to form ONOO- which, in turn, causes
cellular damage. Mutations in the SOD gene cause familial
amyotrophic lateral sclerosis (ALS), a neurological disease
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targeting motor neurons. Moreover, tyrosine hydroxylase, the
rate-limiting enzyme in dopamine synthesis, is a nitrative
target in models of Parkinson’s disease (PD). Nitration of
Tyr423 in tyrosine hydroxylase results in enzyme dysfunction
with a reduction of dopamine levels in mouse striatum (29,
30).

Several reports have revealed thatR-synuclein, a pre-
synaptic protein whose aberrant misfolding results in the
accumulation of Lewy bodies in PD brain, is a substrate for
ONOO- (22) and that nitration preventsR-synuclein fibril-
lation (31, 32). Intriguingly, R-synuclein exhibits striking
structural and functional similarities toτ, including its
natively unfolded structure in solution and its ability to
promote microtubule assembly (33). Using an antibody raised
against nitratedR-synuclein, Giasson et al. have demonstrated
robust labeling of the intracellular lesions in PD brain (34).
Similarly, antibodies reactive toward nitratedτ label both
pre-tangles and mature NFTs in post-mortem AD brain (35).
This latter finding speaks to the potentially dynamic role of
τ nitration in tangle evolution and suggests that nitration may
be an early event in AD.

Previously, we showed thatτ nitration sites fill in a
hierarchical fashion following ONOO- treatment whereby
the amino-terminal residues Tyr18 and Tyr29 are preferen-
tially modified prior to residues Tyr197 and Tyr394 (21).
Furthermore, using our in vitro assembly paradigm, we
observed that nitration markedly reduces the ability of wild-
type τ to polymerize in vitro (21). These previous studies,
however, did not delineate the nitrated residues responsible
for this inhibitory effect onτ polymerization. In this report,
we demonstrate that nitrative modification atindiVidual Tyr
residues dramatically alters the rate and/or extent ofτ
polymerization in vitro. Select nitration at Tyr29 and Tyr197
increases the average filament length without changing the
steady-state polymer mass. In contrast, nitration at residues
Tyr18 and Tyr394 decreases the average filament length and/
or number relative to wild-typeτ. This translates into an
overall reduction in filamentous mass and an increase inτ
critical concentration. Surprisingly, site-specificτ nitration
does not prevent formation of the Alz-50 epitope, even in
instances where nitration decreases the overall polymer mass.
Collectively, these data suggest that site-specific nitration
may regulate the nucleation and/or elongation ofτ filament
formation. These findings also provide the first direct
evidence that the pathological Alz-50 conformation may be
divorced from synthetic filament formation.

EXPERIMENTAL PROCEDURES

Mutagenesis, Expression, and Purification of hτ40. Wild-
type and mutantτ proteins were expressed using the pT7C-
hτ40 plasmid that drives the expression of full-length human
τ (hτ40) fused to an amino-terminal six-His affinity tag (36).
This plasmid harbors the longest central nervous system
isoform of τ (441 residues) containing two amino-terminal
insertions as well as differentially spliced exons 2, 3, and
10 (37-39). The hτ40 cDNA was mutagenized using a site-
directed mutagenesis kit (Stratagene) with 33-38-mer prim-
ers (Integrated DNA Technologies, Inc.) that define the
sequence flanking each targeted codon. Multiple rounds of
Tyr f Phe mutagenesis were performed, resulting in
quadruple hτ40 mutants that contain single Tyr residues at
each position in the native protein (Tyr18, Tyr29, Tyr197,
Tyr310, and Tyr394, respectively). A quintuple hτ40 mutant
was also engineered to serve as a negative control in all
polymerization experiments. Several of these mutants have
been described previously (21). A detailed summary of all
mutants used in this study, along with their adopted
nomenclature, is presented in Table 1. The identity and
position of all mutations were confirmed by automated DNA
sequencing (Center For AIDS Research DNA Sequencing
Core, Northwestern University). Wild-type and mutant hτ40
proteins were expressed inEscherichia colistrain BL21
(DE3) [F- ompT hsdSB (rB

-mB
-) gal dcm] cells and purified

over an immobilized Ni-NTA metal affinity column (Qiagen)
(40, 41). Size-exclusion chromatography was subsequently
performed to separate full-length hτ40 from incompletely
translated hτ40 proteins that retain the six-His affinity tag
(41).

Nitration of Mutant hτ40 Proteins. ONOO- was prepared
from sodium nitrite and acidified H2O2 as described previ-
ously (42). Unreacted H2O2 was removed by passing the
ONOO- stock solution over a manganese dioxide column
(43). The ONOO- concentration was measured spectropho-
tometrically at 302 nm in 0.3 M NaOH (ε302 ) 1670 M-1

cm-1) prior to each experiment (24). Wild-type and mutant
hτ40 proteins were dialyzed against nitration buffer [100 mM
potassium phosphate, 25 mM sodium bicarbonate (pH 7.4),
and 0.1 mM DTPA] for 16 h at 4°C. Post-dialysis protein
concentrations were determined by the Lowry method using
bovine serum albumin as a standard (44). A 100-fold molar
excess of ONOO- was added to each mutant protein in two
boluses with vigorous stirring for 30 s at room temperature.
The final pH was measured and kept at pH 7.4 (45).

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

Nomenclature Description Purpose
18(n)Y Nitrated (n) or non-modified hτ40 harboring a single

Tyr at Tyr18; i.e.,Y29F, Y197F, Y310F, Y394F
To determine whether the non-modified mutant (and the mutant selectively

nitrated at residue Tyr18) influences hτ40 assembly
29(n)Y Nitrated (n) or non-modified hτ40 harboring a single

Tyr at Tyr29; i.e.,Y18F, Y197F, Y310F, Y394F
To determine whether the non-modified mutant (and the mutant selectively

nitrated at residue Tyr29) influences hτ40 assembly
197(n)Y Nitrated (n) or non-modified hτ40 harboring a single

Tyr at Tyr197; i.e.,Y18F, Y29F, Y310F, Y394F
To determine whether the non-modified mutant (and the mutant selectively

nitrated at residue Tyr197) influences hτ40 assembly
394(n)Y Nitrated (n) or non-modified hτ40 harboring a single

Tyr at Tyr394; i.e.,Y18F, Y29F, Y197F, Y310F
To determine whether the non-modified mutant (and the mutant selectively

nitrated at residue Tyr394) influences hτ40 assembly
310Y Non-modified hτ40 harboring a single Tyr at

Tyr310: i.e.,Y18F, Y29F, Y197F, Y394F
To determine whether the non-modified mutant influences hτ40 assembly

5xY f F Mutant hτ40 deficient in Tyr residues; i.e.,
Y18F, Y29F, Y197F, Y310F, Y394F

To serve as a negative control for Tyr residues in hτ40 polymerization
experiments

a Full-length humanτ (hτ40) contains five Tyr residues located at positions Tyr18, Tyr29, Tyr197, Tyr310, and Tyr394.
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Following ONOO- treatment, proteins were concentrated via
Centriprep YM-10 filter devices (Millipore) and purified over
a Sephacryl S-300 gel filtration column (Amersham Bio-
sciences) to separate nitrated hτ40 monomers from 3,3′-DT
cross-linked hτ40 oligomers (21). Protein purity was assessed
by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) with Coomassie Brilliant Blue staining.
Final concentrations of nitrated, monomeric hτ40 were again
determined by the Lowry method using bovine serum
albumin as a standard (44).

Determination of 3-NT ImmunoreactiVity in Nitrated hτ40
Mutants. Enzyme-linked immunosorbent assays (ELISAs)
were performed to measure the relative affinity of a 3-NT-
specific antibody for either wild-type or nitrated mutant hτ40.
Briefly, 100 ng of wild-type or nitrated mutant hτ40 was
diluted in borate-saline buffer [100 mM boric acid, 25 mM
sodium borate decahydrate, 75 mM NaCl, and 0.05% (w/v)
thimerosal] and immobilized onto a 96-well microtitration
plate (Corning Inc.). Immobilized proteins were blocked for
1 h in a 5% (w/v) solution of nonfat dry milk in wash buffer
[100 mM boric acid, 25 mM sodium borate decahydrate, 75
mM NaCl, 0.05% (w/v) thimerosal, 0.4% (w/v) bovine serum
albumin, and 0.05% (w/v) Tween-20] and then incubated
for 2 h atroom temperature in a polyclonal 3-NT antibody
solution (1 µg/mL; Chemicon). Following a secondary
incubation with a horseradish peroxidase-conjugated anti-
rabbit antibody (Jackson ImmunoResearch), the proteins were
reacted with a 3,3′,5,5′-tetramethylbenzidine (TMB) substrate
solution for 10 min at room temperature. The reaction was
stopped using a 3% (v/v) H2SO4 solution, and the absorbance
of the immunoconjugate was read at 450 nm on a microplate
reader (Bio-Tek Instruments, Inc.). We have previously
shown that the polyclonal 3-NT antibody cross-reacts to a
modest degree with non-modified hτ40 monomer (21). For
this reason, the absorbance due to cross-reactivity of the 3-NT
antibody with non-modified hτ40 was subtracted from all
measurements.

Polymerization Reactions. Polymerization of hτ40 was
induced using the fatty acid arachidonic acid (AA) as
previously described (46). A working solution of AA was
prepared by diluting a 100 mg/mL stock (Cayman Chemi-
cals) in 100% ethanol to a final concentration of 2 mM. All
working AA solutions were discarded immediately after use,
and stock solutions were kept at-20 °C for no longer than
1 month to prevent oxidation. Wild-type, mutant, and nitrated
mutant hτ40 proteins were diluted into polymerization buffer
[10 mM N-(2-hydroxyethyl)piperazine-N′-2-ethanesulfonic
acid (HEPES) (pH 7.4), 100 mM NaCl, and 5 mM dithio-
threitol (DTT)] to a final concentration of 4µM. For all
ONOO--treated proteins, nitrated hτ40 monomers were
isolated from 3,3′-DT cross-linked oligomers prior to as-
sembly as described above. Polymerization was initiated by
adding the AA inducer to a final concentration of 75µM.
Reaction solutions were incubated for 6 h atroom temper-
ature without stirring.

Right-Angle Laser Light Scattering. Following addition
of the AA inducer, polymerization samples (250µL) were
transferred into fluorometer cells (5 mm path length; PGC
Scientific) and illuminated with vertically polarized laser light
(λ ) 488 nm) generated by a Lexel model 65 ion laser at a
setting of 5 mW. Images were captured at a 90° angle to the
incident light beam and perpendicular to the direction of

polarization using a digital camera (Electrim Corp., model
EDC1000HR) operated by HiCam ’95 software (written by
G. Albrecht-Buehler, Northwestern University; available at
http://www.basic.northwestern.edu/g-buehler/hicam.htm). Digi-
tal images were collected using an exposure time of 25-50
ms and an aperture setting of F8 to prevent saturation of
signal intensity. Laser light scattering (LLS) was monitored
over a 6 hperiod, and background-corrected scattering values
were obtained by determining the scattering intensity (iS) at
time zero (dark current) and subtracting this value from all
measurements. It was previously demonstrated that the
amino-terminal affinity tag has no effect on hτ40 polymer-
ization in vitro (47). All data were fit by either linear
regression, nonlinear regression to one-phase exponential
association curves, or Boltzman sigmoidal curves using
GraphPad Prism 3.0 software.

Transmission Electron Microscopy. Polymerization ali-
quots were fixed in 2% (w/v) glutaraldehyde for transmission
electron microscopy (EM) analysis. Samples were absorbed
onto 300 mesh, carbon-coated Formvar grids (Electron
Microscopy Sciences), negatively stained using 2% (w/v)
uranyl acetate, and analyzed using the JEOL JEM-1220 EM
instrument at 60 kV and a magnification of 20000× (48).
Images were captured using a digital camera (Kodak Mega-
Plus model 1.6I AMT) controlled by the AMT Camera
Controller software package. For each sample, grids were
prepared in duplicate, and filament dimensions were quanti-
fied from at least six random images per grid (47). Images
were processed in Adobe Photoshop 7.0, and quantification
was performed using Optimas 6.5 software (Media Cyber-
netics) (47). 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, and means were compared using
the Student’s two-tailedt test.

Determination of Length Distributions. Length distribu-
tions were determined as described previously (48, 49).
Briefly, digital electron micrographs were imported into
Adobe Photoshop 7.0 where the brightness and contrast were
adjusted to optimize visualization (50). Images were thresh-
olded using Optimas 6.5 software, and the lengths of
individual filaments were automatically traced using the
“trace line” feature of the program. These data were extracted
into GraphPad Prism 3.0 software, and the frequency
distribution of filament lengths formed from wild-type,
mutant, and nitrated mutant hτ40 proteins was determined
in bins of 100 nm. The center of the first bin was set to 50
nm.

Critical Concentration Measurements. Wild-type and
nitrated mutant hτ40 proteins were diluted in polymerization
buffer [10 mM HEPES (pH 7.4), 100 mM NaCl, and 5 mM
DTT] to final concentrations ranging from 2 to 6µM. We
have previously shown that LLS measurements are less
reliable when usingτ concentrationse1 µM (46). For this
reason,τ concentrations<2 µM were not utilized in our
experiments. Polymerization was induced by the addition of
AA (75 µM), and all solutions were incubated for 6 h at
room temperature without stirring. Maximum scattering
intensities were then measured and plotted against protein
concentration. Data were fit by linear regression analyses,
and the critical concentration of wild-type and nitrated mutant
hτ40 proteins was estimated from the abscissa intercept (46).
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QuantitatiVe Determination of Equilibrium Dissociation
Constants. In-solution affinity constants were calculated
using an indirect ELISA method as described previously (51).
Briefly, varying concentrations of analyte (wild-type or
nitrated mutant hτ40), in either monomeric or filamentous
form, were incubated in solution with a constant antibody
concentration until equilibrium was achieved. To ensure that
the total analyte concentration was in large excess over the
total antibody concentration, analyte concentrations ranged
from ten-fold above the concentration of antibody binding
sites to a maximum of 100 nM (51). The antibody concen-
trations used (0.04 nM Alz-50 and 0.025 nM Tau-5) were
determined from ELISA calibration curves, which showed
a linear dependence in the ranges examined. Following a 16
h incubation at 4°C in blocking buffer [Tris-buffered saline
and 0.2% (w/v) bovine serum albumin], 150µL of sample
was transferred into each well of a microtitration plate
preabsorbed with 250 ng/well of wild-type hτ40. An ELISA
was then performed to determine the proportion of antibody
that remained unsaturated at equilibrium in the original
antibody-antigen solution (51). The molecular masses of
the IgM (pentamer plus linker) and IgG antibodies were
estimated at 900 and 150 kDa, respectively.

Scatchard analyses were performed by plottingV/a as a
function ofV, whereV is the fraction of bound antibody and
a is the concentration of free analyte at equilibrium (51).
Data were fit by linear regression analyses, and the equi-
librium dissociation constants (Kd) were calculated from the
negative reciprocal of the slope. The fractional occupancy
of antibody binding sites was estimated from the abscissa
intercept upon extrapolation to zero ordinate (52).

RESULTS

hτ40 Mutants Containing Single Tyr Residues Are Dif-
ferentially Nitrated by ONOO-. Previously, we qualitatively
determined that, following ONOO- treatment,τ nitration
sites fill in a hierarchical fashion with site selectivity toward
residues Tyr18 and Tyr29 (21). Therefore, as a first step
toward characterizing the effects of site-specific nitration on
full-length humanτ (hτ40) polymerization, we quantified
the relative 3-NT levels of each quadruple Yf F mutant
after treatment with a 100-fold molar excess of ONOO-

(Figure 1). A summary of all the hτ40 mutants utilized in
this study, along with their adopted nomenclature, is
presented in Table 1. It should be noted that a310nY mutant
was not included in these analyses because we previously

showed that ONOO--mediated nitration infrequently occurs
at this position in vitro (21). As demonstrated by ELISA,
the nitrated hτ40 mutant containing a single Tyr at position
Tyr18 (18nY) exhibits significantly greater reactivity toward
the 3-NT antibody than either the197nY or 394nY proteins
[0.91 A450 units (( 0.04) versus 0.50A450 units (( 0.06) or
0.53 A450 units (( 0.03), respectively;p < 0.0005 in both
comparisons] (Figure 1). Similarly, the29nY mutant shows
a two-fold greater 3-NT affinity [1.07A450 units (( 0.04)]
than either the197nY or 394nY proteins (p < 0.00005 in both
comparisons). It should be included that the29nY protein
exhibits a small, but statistically significant, increase in 3-NT
immunoreactivity when compared to the18nY mutant (p <
0.05). Therefore, although the relative level of nitration on
each Tyr residue differs somewhat from our previous results
(21), the order of reactiVity remains the same: ONOO-

preferentially nitrates Tyr residues at the amino terminus
(18nY and29nY) as compared with Tyr residues in the proline-
rich region ofτ (197nY) or adjacent to the carboxy terminus
(394nY).

Tyr Residues Are Not Required for AA-Induced hτ40
Polymerization. In an earlier work, we demonstrated that our
AA-induced in vitro assembly paradigm accurately models
τ polymerization under near-physiological levels ofτ con-
centration, ionic strength, pH, and ambient temperature (53).
Filaments generated from this paradigm morphologically and
immunologically resemble authenticτ filaments derived from
post-mortem AD brain (54). To examine whether Yf F
mutagenesis of hτ40 alters polymerization kinetics relative
to the wild-type protein, right-angle laser light scattering
(LLS) was used to measure the rate of hτ40 assembly
following AA induction. The intensity of scattered light (iS),
which is proportional to the mass of filamentous hτ40 in
solution (46), was plotted as a function of reaction time. The
data collected for each non-modified hτ40 mutant displayed
an excellent fit to a one-phase exponential association curve
(r2 ) 0.91-0.95). Equilibrium scattering values for all non-
modified mutants were achieved within 6 h, and these values
did not differ significantly from the hτ40 control (iS hτ40 )
201.8 ( 2.3) (Figure 2A). While the apparent rate of
polymerization was similar for all hτ40 mutants, small, but
statistically significant, differences in half-maximal scattering
values (t1/2) were observed between proteins that contained
residue Tyr310 (wild-type hτ40 and310Y) and those mutants
lacking Tyr at this position (18Y, 29Y, 197Y, 394Y, and5xY f
F). For example, thet1/2 value for wild-type hτ40 (4.5 min)
was statistically smaller than thet1/2 value for18nY (9.9 min;
Figure 2A). This observation supports previous findings that
Y310 lies within a critical interaction motif (306VQIVYK 311)
known to be essential for in vitroτ polymerization (55).

To examine filament morphology and validate the results
obtained by LLS, filaments assembled from non-modified
mutant proteins were visualized using transmission EM.
Qualitatively, all non-modified hτ40 mutants displayed
straight filament (SF) morphology similar to the non-mutated
wild-type filaments (data not shown). Quantitatively, the
average length, number, and mass of all mutant hτ40
filaments did not significantly differ from the hτ40 control
(data not shown). Importantly, filaments assembled from
mutant hτ40 proteins lacking all Tyr residues (termed5xY
f F, Table 1) were similar to wild-type filaments in both
morphology and average filament dimensions. Taken to-

FIGURE 1: 3-NT immunoreactivity of nitrated hτ40 mutants.
ELISAs were performed to measure the relative affinity of a 3-NT-
specific antibody toward 100 ng of wild-type or nitrated mutant
hτ40 protein (see Table 1 for mutant descriptions). The absorbance
due to cross-reactivity of the 3-NT antibody with non-modified hτ40
was subtracted from all measurements. Results are from eight
independent experiments and are plotted as the mean( SEM.
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gether, these data suggest that genetic ablation of all five
Tyr residues in hτ40 produces (1) AA-induced filaments that
are morphologically and quantitatively analogous to wild-
type filaments and (2) AA-induced assembly kinetics and
maximal scattering intensities similar to wild-type hτ40. For
these reasons, the Yf F mutants were deemed appropriate
reagents to assay for the effects of site-specific nitration on
hτ40 polymerization.

Site-Specific Nitration Alters the Rate and/or Extent of
hτ40 Polymerization. LLS experiments were then performed
using hτ40 mutants singly nitrated at residues Tyr18, Tyr29,
Tyr197, and Tyr394. As evidenced from the polymerization
time course, site-specific nitration at Tyr18 (18nY) greatly

diminishes light scattering levels relative to wild-type hτ40
and demonstrates linear assembly kinetics (Figure 2B). This
finding likely translates into a significantly reduced polymer
mass for the18nY protein. Half-maximal scattering values
(t1/2) for the 18nY mutant could not be obtained because
steady state was not achieved within the duration of these
experiments. In contrast, while the29nY protein approaches
the maximal scattering intensity of wild-type hτ40, its kinetic
profile differs markedly from the hτ40 control. An excellent
fit to a sigmoidal curve is obtained from the29nY mutant
scattering data (r2 ) 0.96) that displays a considerable lag
time prior to reaching the plateau. This lag time results in a
lengthening of the t1/2 value from 5.4 min for wild-type hτ40
to 100.2 min for 29nY (Figure 2B). King et al. have
previously demonstrated that AA-induced hτ40 polymeri-
zation proceeds through a condensation reaction whereby
filament nucleation is followed by elongation of the nascent
polymer (54). Within this model system, the apparent lag
time approximates the rate of filament nucleation (56).
Accordingly, the marked increase in lag time observed during
the 29nY polymerization time course may indicate a deficit
in polymer nucleation.

Select nitration at Tyr197 (197nY) delays thet1/2 value from
4.8 min for wild-type hτ40 to 40.4 min (Figure 2C). The
maximum scattering intensity for197nY, however, does not
differ significantly from the hτ40 control, and the data fit
well to a one-phase exponential association curve (r2 ) 0.97).
hτ40 proteins singly nitrated at position Tyr394 (394nY)
scatter laser light far less efficiently than the wild-type control
and demonstrate a large increase int1/2 at 41.6 min (Figure
2C). Unlike the polymerization time course for the18nY

FIGURE 2: Select nitration at individual Tyr residues alters the rate
and/or extent of hτ40 polymerization. Wild-type hτ40 was mu-
tagenized to convert four of the five, or five of the five, Tyr residues
to Phe (see Table 1 for mutant descriptions). After treatment with
a 100-fold molar excess of ONOO-, the nitrated, monomeric
proteins were analyzed by laser light scattering to measure the rate
of hτ40 assembly following AA induction. (A) The intensity of
scattered light (iS) is shown as a function of induction time for
wild-type (9) and non-modified mutant [18Y (2), 29Y (1), 197Y
([), 310Y (b), 394Y (0), and 5xY f F (4)] hτ40 proteins. (B)
Polymerization time course of wild-type (b), 18nY (2), and29nY
(1) hτ40 proteins. (C) Polymerization time course of wild-type (b),
197nY ([), and394nY (9) hτ40 proteins. All data were fit by either
linear regression, non-linear regression to one-phase exponential
association curves, or Boltzman sigmoidal curves. Results are from
five independent experiments and are plotted as the mean( SEM.

FIGURE 3: Site-specific nitration of hτ40 alters synthetic filament
morphology. Negative-stain electron micrographs were acquired
from wild-type (A) and nitrated mutant hτ40 filaments [18nY (B),
29nY (C), 197nY (D), and394nY (E)] following a 6 hinduction period.
Micrographs are representative of five independent experiments.
The size bar represents 250 nm.
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mutant, however, the LLS data collected from the394nY
protein fit a one-phase exponential association curve and
display a maximal scattering intensity of 57.5( 3.4 at steady
state. Intriguingly, while the18nY and394nY mutant proteins
both attenuate maximaliS values relative to the hτ40 control,
nitration of wild-type hτ40 inhibits polymerization to a
greater extent than either of these mutants alone (see data
from ref21). These results suggest that nitration of individual
Tyr residues alters the rate and/or extent of AA-induced hτ40
polymerization and that nitration of multiple Tyr residues
may have a combinatorial effect on hτ40 assembly. Further,
select nitration of the extreme amino- or carboxy-terminal
Tyr residues reduces light scattering to the greatest extent
in vitro.

Site-Specific Nitration Alters Filament Morphology. To
confirm that our LLS data are attributable to the formation
of bona fideτ filaments, we examined filament ultrastructure
by transmission EM. As shown from the electron micro-
graphs, wild-type hτ40 filaments demonstrate two morpho-
logically distinct structures: (1) small, globular aggregates
measuring∼25-50 nm in their longest axis and (2) long,
rod-like structures with straight filament (SF) morphology
ranging in length from∼100 to 1000 nm (Figure 3A). The
former aggregate most likely represents nucleation centers
that have not yet undergone elongation or are elongation-
incompetent (described in ref54). Furthermore, while
synthetic filaments assembled from wild-type hτ40 appear
sigmoidal in appearance (Figure 3A), the majority of nitrated
mutant filaments are linear (Figure 3B-E). This apparent
linearity may indicate a lack of polymer flexibility relative
to wild-type hτ40 filaments.

Qualitatively, the average length of synthetic filaments
assembled from the18nY protein appears to be similar to

that of wild-type hτ40 (Figure 3B). However, the number
of 18nY filaments per field is markedly decreased relative to
the non-modified hτ40 filaments. In contrast, filaments
derived from the29nY mutant exhibit a paucity of small,
globular aggregates (Figure 3C). This decrease in putative
nucleation centers, which is consistent with the increased
lag time observed during the29nY polymerization time course
(Figure 2B), accompanies a greater number of qualitatively
longer filaments (Figure 3C). In fact, the mature29nY
filaments were greater in length than any other of the
filaments examined. Filaments assembled from the197nY
mutant appear qualitatively similar, in both length and
number, to the wild-type hτ40 filaments (Figure 3D).
Polymerization of hτ40 proteins singly nitrated at residue
Tyr394 (394nY), however, yields small globular aggregates
with very few elongated filaments. This predominance of
putative nucleation centers possibly indicates a reduced
capacity for elongation. Taken together, these data suggest
that site-specific hτ40 nitration produces robust changes in
filament morphology by modulating filament elongation and/
or nucleation.

Site-Specific Nitration at Tyr29 and Tyr394 Alters Nascent
Filament Length. The qualitative estimations of filament
length presented above were quantified by measuring fila-
ment length distributions in the wild-type and nitrated mutant
hτ40 proteins (Figure 4). Filaments were sorted into bins of
100 nm where the center of the first bin was set to 50 nm.
As shown from the histograms, the majority of the hτ40
polymer [72.6% (( 0.01%)], and therefore most of the wild-
type filament mass, was comprised of aggregatese100 nm
in length (Figure 4A). These small aggregates appear to be
similar to the amorphous, globular structures that represent
nucleated, but not elongated, filaments (described in ref54).

FIGURE 4: Site-specific hτ40 nitration differentially influences synthetic filament length. Frequency distributions of polymer length were
measured for wild-type (A) and nitrated mutant hτ40 [18nY (B), 29nY (C), 197nY (D), and 394nY (E)] following a 6 hinduction period.
Digital micrograph images (similar to those shown in Figure 3) were thresholded using Optimas 6.5 software, and the lengths of individual
filaments were automatically traced using the “trace line” feature of the program. Data were imported into GraphPad Prism 3.0 software,
and filaments were sorted into bins of 100 nm. The center of the first bin was set to 50 nm. Results are from five independent experiments
and are plotted as the mean( SEM. The Student’s two-tailedt test was used to compare the mean lengths of wild-type and nitrated mutant
hτ40 filaments in each bin (*p < 0.05; ** p < 0.005).
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Wild-type hτ40 filaments were found to have lengths up to
1350 nm. However, these longer filaments constituted only
a small fraction of the overall filament mass. Select nitration
at the amino-terminal residue Tyr18 generated small, but
statistically significant, decreases in the frequency of longer
length filaments (400-700 nm) relative to wild-type fila-
ments (Figure 4B). In contrast, the length distributions of
filaments assembled from29nY display a marked shift toward
longer filaments (Figure 4C). Only 51.9% (( 0.09%) of the
29nY filaments weree100 nm in length, and the majority
of polymer mass was distributed over longer length filaments.
In fact, filaments assembled from the29nY mutant reached
up to 1850 nm in length. As predicted from the qualitative
EM analyses, filaments comprised of197nY monomers exhibit
a very similar length distribution profile to wild-type hτ40
filaments (Figure 4D). On the other hand, the frequency
distributions of394nY filament length show a significant shift
toward small, globular aggregates (Figure 4E). The majority

of 394nY filament mass was sequestered within thee100 nm
length bin, and no measured filaments were greater than 850
nm in length (Figure 4E). Taken together, these data suggest
that nitration of select Tyr residues alters synthetic filament
length, perhaps by modulating the nucleation and/or elonga-
tion of AA-induced hτ40 filaments.

Site-Specific Nitration at Tyr18 and Tyr394 Decreases AA-
Induced Polymer Mass. To further characterize the effects
of site-selective nitration on hτ40 filament formation, we
employed transmission EM to quantify the filament dimen-
sions of each nitrated mutant. To this end, the average length,
number, and mass of wild-type and nitrated mutant hτ40
filaments were calculated from a random series of electron
micrographs similar to those shown in Figure 3. The data
show that while AA-induced18nY assembly does not alter
filament length relative to hτ40 (Figure 5A), nitration at this
position reduces the average filament number (393.9( 16.4)
to less than half that of wild-type hτ40 (873.2( 16.4) (Figure
5B). This reduction in filament number translates into a
significant diminution in polymer mass for the18nY mutant
(Figure 5C). In agreement with the length distribution data,
nitration at Tyr29 significantly increases the average filament
length per field from 98.0 (( 1.6) nm to 160.5 (( 2.1) nm
(Figure 5A). However, because the average filament number
for the29nY mutant is less than half that of wild-type (419.7
( 14.7 vs 873.2( 28.8, respectively), the steady-state values
of polymer mass for29nY do not differ significantly from
hτ40 (Figure 5B,C). As predicted, both nitrated mutants that
increase the average filament length (29nY and 197nY) also
demonstrate a pronounced lag time, or increase int1/2 values,
during the LLS time courses (Figure 2B,C).

Filaments assembled from the197nY mutant exhibit a
small, but significant, increase in polymer length as compared
to the hτ40 control (Figure 5A). These longer filaments,
however, do not increase the overall filament mass for the
197nY protein (Figure 5C). By comparison, site-specific
nitration at the more carboxy-terminal residue Tyr394
decreases both the length (70.5( 2.5 nm) and number (657.6
( 26.6) of filaments, resulting in a marked reduction of the
average filament mass (45979.8( 398.1 nm). Consistent
with our polymerization time course data that show decreased

FIGURE 5: Nitration of Tyr18 and Tyr394 decreases AA-induced
polymer mass. Quantitative EM measurements from wild-type and
nitrated mutant hτ40 filaments were performed following a 6 h
induction period. The average length (A), number (B), and mass
(C) of filaments per field were determined for wild-type and nitrated
mutant hτ40. Results are from five independent experiments and
are plotted as the mean( SEM. The Student’s two-tailedt test
was used to compare the mean dimensions of wild-type and nitrated
mutant hτ40 filaments (*p < 0.05; ** p < 0.005).

FIGURE 6: Nitration of Tyr18 and Tyr394 increases hτ40 critical
concentration. Polymerization experiments were performed using
varying concentrations (2-6 µM) of wild-type (b), 18nY (2), and
394nY (1) hτ40 proteins, and the maximal scattering intensities were
measured following 6 h. Data are plotted as maximal light scattering
as a function of protein concentration. The critical concentration
of each protein was calculated from the abscissa intercept. Results
are from five independent experiments and are plotted as the mean
( SEM.
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maximal scattering for the18nY and394nY mutants (Figure
2), nitration of the extreme amino- and/or carboxy-terminal
Tyr residues greatly attenuates AA-induced filament produc-
tion.

Site-Specific Nitration at Tyr18 and Tyr394 Increases hτ40
Critical Concentration. To determine whether specific ni-
trative events alter the minimal hτ40 concentration required
for self-assembly in vitro (57), we estimated critical con-
centrations using LLS. Using this approach, AA-induced
polymerization was performed at varying protein concentra-
tions (2-6 µM), and the maximal scattering intensity was
measured following 6 h (Figure 6). Data were fit by linear
regression analyses, and the critical concentration was
estimated from the abscissa intercept upon extrapolation to
zero ordinate (46). Only the18nY and 394nY mutants were
used for these analyses because nitration at these sites was
shown to decrease the filamentous mass of hτ40 (Figure 5C).
As predicted, a linear relationship exists between maximum
iS and wild-type hτ40 concentration, where the abscissa

intercept, and therefore critical concentration, was estimated
at 0.47( 0.14µM. This value of hτ40 critical concentration
closely agrees with previous reports (46, 54). In contrast,
the critical concentrations for the18nY (1.78 ( 0.14 µM)
and 394nY (1.45 ( 0.09 µM) mutant proteins were three-
fold greater than the value calculated for wild-type hτ40
(Figure 6). Consistent with the reduction of polymer mass
obtained with the18nY and394nY mutants (Figure 5C), these
data demonstrate that, following nitration of residues Tyr18
and Tyr394, a three-fold greater monomer concentration must
be present to support hτ40 polymerization in vitro. This
finding suggests that nitration of the extreme amino- and/or
carboxy-terminal Tyr residues shifts the polymerization
equilibrium toward the monomeric form.

Site-Specific Nitration Does Not Preclude Formation of
the Alz-50 Epitope. Work from our laboratory has demon-
strated thatτ undergoes an ordered sequence of conforma-
tional changes during tangle evolution (17-19). In early-
stage tangles,τ adopts a conformation whereby its amino

FIGURE 7: Site-specific 3-NT modification does not prevent formation of the Alz-50 epitope. Monoclonal antibodies raised against
conformation-specific (Alz-50) or conformation-insensitive (Tau-5)τ epitopes were incubated in solution with a large excess of wild-type
or nitrated mutant hτ40 (in either polymeric or monomeric form) until equilibrium was achieved. An indirect ELISA was then performed
to measure the fraction of unbound antibody at equilibrium. Data were fit by linear regression and represented as Scatchard plots, where
V is the fraction of bound antibody anda is the concentration of free analyte at steady state. (A) Scatchard plot of Alz-50 affinity for
filamentous (b) and monomeric (O) wild-type hτ40. (B) Scatchard plot of Tau-5 affinity for filamentous (b) and monomeric (O) wild-type
hτ40. Scatchard plots of Alz-50 affinity for18nY (C), 29nY (D), 197nY (E), and394nY (F) mutant filaments. A summary of all affinity
measurements is presented in Table 2. Results are representative of five independent experiments, and error bars have been omitted for
clarity.
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terminus folds back upon the third microtubule-binding
repeat. This event coincides with early filamentous changes
in τ and is detected by the conformation-sensitive antibody
Alz-50 (36, 58). Therefore, to test the hypothesis that select
nitration of the amino-terminal Tyr residues (Tyr18 and
Tyr29) sterically hinders the Alz-50 conformation, we
measured the binding affinity [or equilibrium dissociation
constants (Kd)] of the Alz-50 (59) and Tau-5 (60) antibodies
toward wild-type and nitrated mutant hτ40 filaments. Each
antibody was incubated in solution with a large excess of
analyte until equilibrium was attained. An indirect ELISA
was then performed to measure the quantity of antibody that
remained unsaturated at equilibrium.

In all cases, Scatchard analyses of these data reveal a linear
relationship withr2 values ranging from 0.92 to 0.97. This
linearity suggests a lack of cooperative binding between the
various forms of hτ40 and the antibodies employed (52).
As reported previously (54), the conformation-dependent
Alz-50 antibody exhibits a significantly greater affinity for
synthetic hτ40 filaments (Kd ) 1.75 ( 0.04 nM) than for
monomeric hτ40 (54.23( 2.69 nM) (Figure 7A;Kd values
are summarized in Table 2). This observation is in agreement
with reports showing that the Alz-50 antibody binds a
discontinuous, conformationally-sensitive epitope similar to
that displayed in authentic PHFτ (36). By comparison, our
data reveal that the Tau-5 antibody has similar binding
affinities for both monomeric (2.50( 0.15 nM) and
polymeric (2.58( 0.20 nM) hτ40 (Figure 7B; Table 2).
Moreover, binding affinity measurements demonstrate a near-
complete fractional occupancy of Tau-5 binding sites at
saturating concentrations of hτ40 monomer and polymer
(0.90( 0.01 and 0.99( 0.01, respectively). These data are
consistent with the Tau-5 antibody binding a conformation-
ally-independent, linear epitope that recognizes all hτ40
forms equally (36).

Intriguingly, when compared to theKd value for wild-type
filaments, filaments assembled from the18nY mutant display
a significant increase in binding affinity toward the Alz-50
antibody (1.24( 0.03 nM) (Figure 7C, Table 2). The
increase in Alz-50 binding affinity demonstrated by the18nY
filaments is also manifest by the other nitrated mutant
filaments (Table 2). However, this increased affinity toward
Alz-50 is most pronounced for the197nY mutant, which
shows nearly a three-fold decrease inKd value relative to
non-modified hτ40 filaments. This finding is particularly
surprising given that our data show adecreasein the overall
amount of polymeric mass for several of the nitrated mutants
(18nY and394nY; Figure 5C). Moreover, the fraction of Alz-

50 binding sites occupied by nitrated mutant filaments is less
than the value obtained for wild-type hτ40 filaments (Table
2), suggesting that Alz-50 binds the nitrated mutant filaments
with greater affinity despite the fact that∼13-22% fewer
antibody binding sites are engaged. Taken together, these
findings suggest that site-specific hτ40 nitration does not
prevent formation of the Alz-50 epitope and that assumption
of the Alz-50 conformation may not necessarily lead to
filament formation.

DISCUSSION

Post-translational nitrative modifications have been shown
to functionally modify proteins in a biologically specific and
site-selective manner (23-27). ONOO-, thought by many
to be the principal in vivo nitrating agent, targets protein
Tyr residues, and the resulting reaction product, 3-NT, serves
as a biochemical index of ONOO--mediated damage (20).
Previous work from our own laboratory has shown that,
following ONOO- treatment, the amino-terminal Tyr resi-
dues ofτ (Tyr18 and Tyr29) are nitrated preferentially over
residues located in the proline-rich region (Tyr197) and the
extreme carboxy terminus (Tyr394) (21). Moreover, we have
demonstrated that the cumulative effect of ONOO--mediated
τ nitration is to inhibit in vitro polymerization (21). These
data, combined with other reports thatτ nitration may be an
early event in AD pathogenesis (35), suggest that nitrative
modifications can prevent the pathological self-association
of τ into filamentous aggregates.

In the present study, we examine the effects of nitration
at indiVidual Tyr residues onτ polymerization in vitro. Our
data reveal that (1) nitration of single Tyr residues differ-
entially influences the rate and/or extent ofτ assembly and
induces robust changes in filament morphology, (2) nitration
of residues Tyr29 and Tyr197 increases filament length
without altering steady-state polymer mass, (3) nitration of
residues Tyr18 and Tyr394 decreases the length and/or
number ofτ filaments, resulting in a significant reduction
of filamentous mass and an increase inτ critical concentra-
tion, and (4) site-specific Tyr nitration does not preclude
formation of the Alz-50 epitope. Collectively, these data
suggest that nitration ofspecific Tyr residues alters the
nucleation and/or elongation capacity of assembly-competent
τ and generates marked changes inτ polymerization kinetics.

Nitration of IndiVidual Tyr Residues Influencesτ Nucle-
ation and/or Elongation. As first characterized by King et
al. (54), AA-inducedτ polymerization proceeds through a
ligand-mediated mechanism. The initial step in this process
involvesτ binding to the anionic surface of AA micelles to
assume an assembly-competent conformation (61-63). Rapid
nucleation then occurs, followed shortly thereafter by exten-
sion of the nascent polymer into mature filaments. Impor-
tantly, both the nucleation and elongation events involve a
critical energy barrier that must be overcome before polym-
erization can occur (63).

In this report, we show that nitration of individual Tyr
residues modulates the ability ofτ to nucleate and/or elongate
filaments. Our data demonstrate that select nitration of the
amino-terminal residue Tyr18 negatively regulates nucleation
and elongation to an equal extent. This results in filaments
that are similar in length, but reduced in number, as compared
to wild-type filaments. In contrast, assembly of the29nY

Table 2: Summary of Binding Affinity Measurements As
Determined from Scatchard Analyses

Analyte Antibody Kd (nM) Abscissa intercepta

Monomeric hτ40 Tau-5 2.50( 0.15 0.90( 0.01
Filamentous hτ40 Tau-5 2.58( 0.20 0.99( 0.01
Monomeric hτ40 Alz-50 54.23( 2.69 0.92( 0.02
Filamentous hτ40 Alz-50 1.75( 0.04 0.70( 0.01
Filamentous18nY Alz-50 1.24( 0.03 0.48( 0.02
Filamentous29nY Alz-50 1.44( 0.02 0.57( 0.01
Filamentous197nY Alz-50 0.61( 0.02 0.53( 0.01
Filamentous394nY Alz-50 1.31( 0.02 0.52( 0.01

a Abscissa intercept values approximate the fractional occupancy of
antibody binding sites at saturating hτ40 concentrations.
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mutant results in quantitatively longer filaments with a
concomitant reduction in putative nucleation centers. This
finding suggests that while the29nY mutant is fully competent
to elongate filaments, its capacity for nucleation is dimin-
ished. This nucleation deficit is further manifest by a
prolongedt1/2 value in the29nY polymerization time course.

The functional domains harboring each Tyr residue may
provide insights into the nucleation and/or elongation deficits
of the nitratedτ mutants. For example, residues Tyr18 and
Tyr29 lie within the amino terminus of theτ molecule, a
region purported to interact with numerous cellular compo-
nents, including plasma membranes (64-66). One possible
explanation for how nitration at Tyr18 and/or Tyr29 inhibits
nucleation in vitro is that this region facilitates the obligate
binding ofτ to AA during assembly. If so, then nitration at
these residues would increase the net negative charge at the
amino terminus and electrostatically repel this region from
the anionic surface of AA micelles. This event would
effectively deterτ from assuming the assembly-competent
form requisite for nucleation.

While the AA micelle likely promotesτ filament formation
in vitro (54), other fatty acid-like inducers, such as poly-
anionic lipids, may assume this role in vivo. In fact, EM
analyses of post-mortem AD brain demonstrate that manyτ
filaments arise from, or end within, the plasma membrane
(67). It is entirely possible, then, that nitration of the amino-
terminal residues Tyr18 and Tyr29 inhibits the binding ofτ
to a filament-inducing surface in vivo. The finding that both
the 18nY and 29nY mutants prevent nucleation to similar
degrees (Figure 5B) may be attributable to the proximity of
their 3-NT groups to the extreme amino terminus.

In this regard, it is important to note that removal of the
extreme amino terminus (∆2-18) inhibits in vitroτ assembly
(49). This finding supports a facilitative role for the amino
terminus inτ polymerization, likely by its contribution to
the Alz-50 conformation. Therefore, it is also conceivable
that nitration of Tyr18 and/or Tyr29 disrupts this facilitative
conformation ofτ, precipitating deficits in filament nucleation
and/or elongation.

Polymerization of the394nY mutant yields putative nucle-
ation foci in the absence of extended filaments. This finding
speaks to the potential elongation deficits of the394nY mutant.
Based upon the Oosawa model of nucleated polymerization
(68), nucleation would occur by the sequential addition of
monomers, each forming a single contact with one another.
An association constant,Kn, typifies this monomer-
monomer interaction. Filament extension, however, not only
involves the apposition of adjacent monomers but also
requires additional inter-monomer associations. The existence
of a critical concentration for hτ40 assembly implies that
the association constant for extension,Kp, is necessarily
greater thanKn due to energetically favorable interactions
among subunits. It is entirely possible, therefore, that the
394nY mutant assumes a conformation that is amenable to
nucleation but is inhibitory toward elongation. Consequently,
the value ofKp for the 394nY assembly reaction will be
increased (Kp′). This would result in a nucleation-competent,
elongation-deficient,τ mutant that can overcome the free
energy threshold ofKn to form nuclei but is unable to
overcome the kinetic barrier necessary for inter-subunit
associations (Kp′). Nitration of Tyr394 in vivo, however, may
be an infrequent event due to steric hindrance from a

phosphate group at Ser396 in the hyperphosphorylated state
[PHF-1 epitope (69)] or carboxy-terminal truncation events
that remove this residue (19). Moreover, a recent report
demonstrates that Tyr394 serves as a phosphorylation
substrate in Alzheimer’s brain (70).

It is important to include that the degree of 3-NT
modification following ONOO- treatment (Tyr29> Tyr18
. Tyr394 > Tyr197) does not correlate with the effect of
each nitrated mutant onτ polymerization. For example, while
Tyr18 and Tyr29 are modified to the greatest extent in vitro,
the 18nY and 29nY mutants have entirely disparate effects
on τ polymerization. In fact, Tyr394, which is nitrated to a
far lesser extent than either Tyr18 or Tyr29, may have the
greatest influence onτ assembly. Thus, it appears that the
siteof nitration, and not thedegreeof nitration, determines
the impact onτ polymerization in vitro.

Nitration of IndiVidual Tyr Residues Does Not Preclude
Formation of the Alz-50 Epitope. We have previously shown
that the τ molecule undergoes dynamic conformational
rearrangements prior to its pathological self-assembly (17-
19). One of the earliest immunological markers ofτ
misfolding, both in vitro and in situ, is the Alz-50 conforma-
tion. The discontinuous Alz-50 epitope (residues 5-15, 312-
322) is formed when the amino terminus ofτ comes into
close apposition with the third microtubule-binding repeat
(36). This conformational state change is accompanied by
the transformation ofτ from a random coil structure into
â-pleated sheets (71).

Contrary to our hypothesis that nitration of individual Tyr
residues sterically inhibits the Alz-50 epitope, we demon-
strate that filaments assembled from nitratedτ mutants
exhibit increased affinity toward the Alz-50 antibody. This
observation holds true even when nitration reduces the overall
polymer mass (18nY and394nY). These data provide the first
direct evidence that the Alz-50 epitope is not dependent upon
the formation of bona fideτ filaments and can be assumed
in the absence of long, rod-like polymers. This finding,
however, is in agreement with in situ immunohistochemical
data showing that the Alz-50 conformation may indeed be
the first pre-filament step toward polymer formation (19).

Intriguingly, filaments assembled from the197nY mutant
have nearly a three-fold greater equilibrium binding affinity
toward the Alz-50 antibody than wild-type hτ40 filaments.
The Tyr197 residue lies within a proline- and glycine-rich
region of theτ molecule believed to impart the flexibility
needed for conformational changes to occur (72). In fact, τ
isoforms lacking both of the amino-terminal repeats im-
mediately upstream from the proline-rich region (i.e., hτ23
and hτ24) do not form rod-like filaments (47), presumably
due to inadequate molecular spacing for the Alz-50 folding
event. Accordingly, if nitration at the Tyr197 site “locks”
the proline-rich region into a conformation conducive to Alz-
50 formation, this event may explain why the197nY filaments
exhibit an enhanced binding affinity toward the Alz-50
antibody. Our observation that filaments assembled from the
197nY mutant are morphologically linear, suggesting a
reduced flexibility relative to wild-type filaments, supports
this contention.

Neuroinflammation as a ProtectiVe Mechanism againstτ
Filament Formation. Neuroinflammation and nitrative injury
are prevalent features of AD-affected brain (reviewed in ref
73). During â-amyloid-associated inflammation, reactive
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microglia upregulate the expression of inducible nitric oxide
synthase (iNOS) to generate high levels of nitric oxide (NO•)
(74, 75). A subset of cortical neurons also contributes to NO•

production, albeit to a lesser extent, by constitutive expression
of the neuronal NOS isoform (nNOS) (76). Reaction of NO•

with superoxide anions (O2•-) leads to the formation of
ONOO-, a powerful oxidant capable of nitrating protein Tyr
residues. While inflammatory sequelae are thought to be
beneficial in an acute setting, chronic, unregulated production
of reactive nitrogen and oxygen species has been shown to
play a mechanistic role in neurodegeneration (77-79).

Under physiological conditions, intracellular concentrations
of τ approximate 2-4 µM (72), the majority of which [>99%
(54)] is tightly bound to the microtubule network. Numerous
post-translational events, most notably phosphorylation, can
displaceτ from the microtubule and increase the pool of
free τ available for polymerization (80, 81). Zhang and
colleagues recently reported that nitration by ONOO- also
reduces the ability ofτ to bind and stabilize microtubules in
vitro (82). If this free cytoplasmicτ concentration exceeds
the threshold for polymerization (hτ40crit conc∼0.5µM; Figure
6), then self-assembly will occur. One potential in vivo
correlate to our findings is that, in early-stage AD, nitroty-
rosination may compete with aberrant phosphorylation for
limiting amounts ofτ substrate. In the latter event, hyper-
phosphorylation would likely increase the concentration of
unboundτ and promote an assembly-competent state prone
to fibrillation. Alternatively, nitration at specific Tyr residues
(Tyr18 and Tyr394) would increase the critical concentration
of τ and shift the polymerization equilibrium toward the
monomeric state.

Taken together, the data presented herein show that
nitrative modification of select Tyr residues abrogatesτ
assembly in vitro and may provide a neuroprotective mech-
anism against NFT formation in vivo. These findings have
significant implications for AD by revealing a novel pathway
through which neuroinflammation may attenuateτ aggrega-
tion.
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