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A hallmark of a group of neurodegenerative diseases such as
Alzheimer disease is the formation of neurofibrillary tangles,
which are principally composed of bundles of filaments formed
by microtubule-associated protein Tau. Clarifying how natively
unstructured Tau protein forms abnormal aggregates is of cen-
tral importance for elucidating the etiology of these diseases.
There is considerable evidence showing that zinc, as an essential
element that is highly concentrated in brain, is linked to the
development or progression of these diseases. Herein, by using
recombinant human Tau fragment Tau,,, _s3,, and its mutants,
we have investigated the effect of zinc on the aggregation of Tau.
Low micromolar concentrations of Zn>* dramatically acceler-
ate fibril formation of wild-type Tau,,, _3-, under reducing con-
ditions, compared with no Zn>*. Higher concentrations of
Zn>**, however, induce wild-type Tau,,, s, to form granular
aggregates in reducing conditions. Moreover, these non-fibril-
lar aggregates assemble into mature Tau filaments when Zn>*
has been chelated by EDTA. Unlike wild-type Tau,,,_37,, low
micromolar concentrations of Zn>* have no obvious effects on
fibrillization kinetics of single mutants C291A and C322A and
double mutant C291A/C322A under reducing conditions. The
results from isothermal titration calorimetry show that one
Zn>* binds to one Tau molecule via tetrahedral coordination to
Cys-291 and Cys-322 as well as two histidines, with moderate,
micromolar affinity. Our data demonstrate that low micromolar
zinc accelerates the fibrillization of human Tau protein via
bridging Cys-291 and Cys-322 in physiological reducing condi-
tions, providing clues to understanding the relationship
between zinc dyshomeostasis and the etiology of neurodegen-
erative diseases.

Tau, a microtubule-associated protein, is the major protein
subunit of neurofibrillary tangles (NFTs),”> which are found in a
group of neurodegenerative diseases such as Alzheimer disease
and frontotemporal lobar degeneration (1, 2). NFTs are mainly
composed of bundles of Tau in the form of paired helical fila-
ments (PHFs), straight filaments, or twisted ribbons. It is gen-
erally believed that the neuron degeneration in such diseases is
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very likely to be contributed by the accumulation of these
aggregates (3). Thus the characterization of factors involved in
abnormal Tau aggregation is of great importance to clarify the
etiology of neurodegenerative diseases and assist in the estab-
lishment of medical treatment.

Tau is one of the largest proteins without recognizable sec-
ondary structure and adopts a natively unfolded structure in
solution (4). There are two distinct domains of Tau protein, the
projection domain and the microtubule binding domain. The
microtubule binding domain mainly contains either three or
four imperfect repeats (18 amino acids in length) separated
from one another by inter repeats (13—14 amino acids in length)
(5). In its normal state, Tau facilitates and stabilizes the assem-
bly of microtubules. But under certain pathological conditions,
it will detach from microtubules. Some of its small segments
adopt a B-conformation, and further interactions convert them
toward formation of aggregates that are rich in B-sheet struc-
tures. These aggregates undergo filament nucleation and elon-
gation and form NFTs eventually (1, 2, 6). The microtubule
binding repeat region forms the core of filaments while the rest
of the protein retains its largely unfolded structure, which
forms the fuzzy coat of the filaments (7-9).

Although the mechanism by which Tau protein aggregates is
not fully understood, there are increasing evidences showing
that a disturbance of brain zinc homeostasis during aging plays
a role in the etiology of Alzheimer disease (10-12). Zinc is an
integral component of numerous enzymes, transcription fac-
tors, and structural proteins. Furthermore, zinc is one of the
most abundant transition metals in the brain and is in particu-
larly large concentrations in the mammalian brain with an
overall concentration of ~150 um (13). The distribution of zinc
is not uniform, and up to 15% of brain zinc is located inside
presynaptic vesicles (13, 14). Although the cytosolic free con-
centration of Zn>" in cultured neurons is generally subnano-
molar, in pathological conditions the free concentration of
Zn>" is altered via several pathways such as presynaptic zinc
translocation (15).

There is current evidence for a relative increase in intracel-
lular zinc in vulnerable regions of the Alzheimer disease brain
(16), and abnormally high levels of zinc at millimolar concen-
trations have been found in NFTs and senile plaque cores (17,
18). It is estimated that strong activation of Zn>*-containing
presynaptic terminals results in transient local synaptic Zn>"
concentrations in the 100-300 uM range (13, 17). Histochem-
ically reactive zinc deposits are also found specifically localized
to cerebral amyloid angiopathy deposits and NFT-bearing neu-
rons (19). It has been reported that there are 3- to 5-fold
increases in zinc in the cortical and accessory basal nuclei of the
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amygdala and in the neuropil of Alzheimer disease patients, as
compared with age-matched controls (20).

Zinc has been shown to accelerate the aggregation of amyloid
B peptides (21, 22), trigger the fibrillization of methionine oxi-
dized a-synuclein (23), and cause an aggregation of Dcpla pro-
tein in an RNA-dependent manner (24). There are also results
indicating that Ca>* and Mg>" can selectively induce the for-
mation of PHF-Tau aggregation (25), whereas AI**, Cu*>", and
Fe?"/Fe** can bind to Tau (26 -28). However, whether Zn**
has an effect on the aggregation of Tau has not been reported so
far, which leaves us to answer the physiological question
whether the alteration of zinc can affect Tau aggregation and
thus play a role in the pathology of neurodegenerative diseases
such as Alzheimer disease.

In the present study, by using several biophysical methods,
such as thioflavin T binding, atomic force microscopy (AFM),
transmission electron microscopy (TEM), and isothermal titra-
tion calorimetry (ITC), we investigated the impact of zinc on
the aggregation of human Tau fragment Tau,,, 5,,. Our
results indicated that low micromolar zinc dramatically accel-
erated fibril formation of wild-type Tau,,, 5, in the presence
of dithiothreitol (DTT), but had no obvious effects on fibrilli-
zation kinetics of single mutants C291A and C322A and double
mutant C291A/C322A. Further, we demonstrated that Zn*"
bound to Tau molecules via tetrahedral coordination to Cys-
291, Cys-322, and two histidines with moderate, micromolar
affinity, and thus concluded that low micromolar zinc pro-
moted the fibrillization of human Tau protein via bridging of
Cys-291 and Cys-322 in physiological reducing conditions.

EXPERIMENTAL PROCEDURES

Materials—Heparin (average molecular mass = 6 kDa) and
thioflavin T (ThT) were purchased from Sigma. DTT was
obtained from Ameresco Chemical Co. (Solon, OH). All the
metal cations used were chloride forms of analytical grade. All
other chemicals used were made in China and were of analytical
grade. The buffers used in this study were treated with ion-
exchange resins to remove trace amounts of divalent cations
present as contaminants in the solutions.

Plasmids and Proteins—The cDNA-encoding human Tau
fragment Tau,,, ;,, was amplified using the plasmid for
human Tau40 (kindly provided by Dr. Michel Goedert) as a
template. The PCR-amplified Tau,,, 5., was subcloned into
pRK172 vector. Single cysteine mutants C291A and C322A and
double mutant C291A/C322A of Tau,,, 5,, were generated
using primers GCAACGTCCAGTCCAAGGCTGGCTCAA-
AGG/CCTTTGAGCCAGCCTTGGACTGGACGTTGC for
C291A and GTGACCTCCAAGGCTGGCTCATTAGGCAA-
CATC/GATGTTGCCTAATGAGCCAGCCTTGGAGG-
TCAC for C322A. Single histidine mutants H330A and H362A
and histidine-less mutant H268A/H299A/H329A/H330A/
H362A were generated in a similar manner. Plasmids contain-
ing target sequences were transformed into Escherichia coli
BL21 (DE3) strain. The expression of recombinant human Tau
fragment Tau,,, 5., and its mutants was induced with 400 um
isopropyl-B-p-thiogalactopyranoside and cultured for 3 h. Cell
pellets of 2-liter culture were collected and re-suspended in 80
ml of buffer A (20 mm phosphate buffer containing 2 mm DTT,
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pH 7.0) and then sonicated at 250 watts for 30 min. 500 mm
NaCl was added into the mixture, and then the mixture was
boiled at 100 °C for 15 min. After centrifugation at 17,000 X g
for 30 min at 4 °C, supernatant was collected and dialyzed
against buffer A extensively. The sample was then loaded to an
SP-Sepharose column and washed with 400 ml of buffer A. The
target protein was obtained by washing the column using 500
ml of 20 mMm phosphate buffer containing 2 mm DTT and
0-400 mMm NaCl. The Tau fragment was then concentrated and
dialyzed against 50 mm Tris-HCI buffer containing 2 mm DTT
(pH 7.5) extensively, and then stored at —80 °C. Purified Tau
protein was analyzed by SDS-PAGE with one band and con-
firmed by mass spectrometry. The concentration of human Tau
fragment was determined according to its absorbance at 214
nm with a standard calibration curve drawn by bovine serum
albumin as described (29).

ThT Binding Assays—A 2.5 mm ThT stock solution was
freshly prepared in 50 mm Tris-HCI buffer (pH 7.5) and passed
through a 0.22-um pore size filter before use to remove insol-
uble particles. Under standard conditions, 10 uM Tau,,, 3.5
was incubated without agitation in 50 mm Tris-HCl buffer (pH
7.5) containing 1 mm DTT and 20 um ThT with or without
Zn*" at 37°C for up to 1 h in the presence of fibrillization
inducer heparin used in a Tau:heparin molar ratio of 4:1. The
fluorescence of ThT was excited at 440 nm with a slit width of
7.5 nm, and the emission was measured at 480 nm with a slit
width of 7.5 nm on an LS-55 luminescence spectrometer
(PerkinElmer Life Sciences). The preparation of the samples
before the first measurement took 1 min.

The polymerization for Tau,,, 5., and its cysteine mutants
in 96-well plates were set up by a mixture of 20 um Tau protein,
5 um heparin, 50 um ThT, and 0—80 um Zn*" either in the
presence or in the absence of 1 mm DTT in 50 mm Tris-HCl
buffer containing 100 mm NaCl (pH 7.5). The reaction compo-
nents were mixed quickly and immediately read for 8 h (with
DTT) or 3 h (without DTT) at 37 °C in SpectraMax M2
microplate reader (Molecular Devices, Sunnyvale, CA) using
excitation at 440 nm and emission at 480 nm with a wave-
length cut-off at 475 nm. Each sample was run in triplicate or
quadruplicate. Kinetic parameters were determined by fit-
ting ThT fluorescence intensity versus time to a sigmoidal
equation (30),

F=F,+ (A+ ct)/{1 + explk(t, — )]} (Eq.1)
where F is the fluorescence intensity, & is the rate constant for
the growth of fibrils, and ¢, is the time to 50% of maximal
fluorescence. The initial baseline during the lag time is
described by F,. The final baseline after the growth phase has
ended is described by A + ct. The lag time is calculated as ¢,, —
2/k.

Sarkosyl-insoluble Tau SDS-PAGE—The Sarkosyl-insoluble
Tau experiments were carried out according to the method
described by Aoyagi and co-workers (31) with minor changes.
Tau polymerization was set up by incubating a mixture of 10 um
Tau,y, 37, 2.5 uM heparin, 1 mM DTT, and 0-100 um Zn** in
50 mm Tris-HCl buffer (pH 7.5) at 37 °C without agitation. Ali-
quots (100 wl) of assembly mixtures were taken out and added
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into 500 ul of 50 mm Tris-HCI buffer (pH 7.5) containing 1%
Sarkosyl. The mixture was left at room temperature for 30 min
and then centrifuged in an Optima LE-80K ultracentrifuge
(Beckman Coulter, Fullerton, CA) at 150,000 X g for 30 min.
The supernatant (Sarkosyl-soluble Tau) was removed, and the
pellet (Sarkosyl-insoluble Tau) was re-suspended in 50 ul of
SDS sample buffer containing 5% 2-mercaptoethanol and sub-
jected to 15% SDS-PAGE. After the electrophoresis the gels
were stained with Coomassie Blue.

Transmission Electron Microscopy—The formation of fila-
ments by human Tau fragment was confirmed by electron
microscopy of negatively stained samples. Sample aliquots of 10
ml were placed on copper grids and left at room temperature for
1-2 min, rinsed with H,O twice, and then stained with 2% (w/v)
uranyl acetate for another 1-2 min. The stained samples were
examined using an H-8100 transmission electron microscope
(Hitachi, Tokyo, Japan) operating at 100 kV.

AFM—The formation of filaments by human Tau fragment
was further confirmed by AFM. Sample aliquots of 10 ul were
deposited onto freshly cleaved mica, left on the surface for 10
min, and rinsed with H,O twice. Then the solution was dried in
a desiccator for 12 h. AFM images were acquired in tapping
mode with an SPM-9500 J3 scanning probe microscope (Shi-
madzu, Kyoto, Japan). Several regions of the mica surface were
examined to confirm that similar structures existed through the
sample.

Isothermal Titration Calorimetry—ITC experiments on the
interaction of Zn** with Tau,,, s, and its mutants were car-
ried out at 25.0 °C using an iTC,, titration calorimetry (Micro-
Cal, Northampton, MA). Freshly purified Tau proteins (wild-
type Tau,,, 5., single mutants C291A, C322A, H330A, and
H362A, double mutant C291A/C322A, and histidine-less
mutant H268A/H299A/H329A/H330A/H362A) were dialyzed
against 50 mm Tris-HCI buffer (pH 7.5) containing 1 mm
EDTA, overnight at 4 °C and then dialyzed against 50 mm Tris-
HCl buffer (pH 7.5) extensively to remove EDTA. A solution of
100-200 wm Tau proteins was loaded into the sample cell (200
wl), and a solution of 2.8 — 6.0 mm Zn>" was placed in the injec-
tion syringe (40 ul). The first injection (0.3 ul) was followed by
24.—27 injections of 1 ul. Dilution heats of Zn>* were measured
by injecting Zn>* solution into buffer alone and were sub-
tracted from the experimental curves prior to data analysis. The
stirring rate was 600 rpm. The resulting data were fitted to a
single set of identical sites model using MicroCal ORIGIN soft-
ware supplied with the instrument, and the standard molar
enthalpy change for the binding, A, H°,, the dissociation con-
stant, K, and the binding stoichiometry, 7, were thus obtained.
The standard molar free energy change, A, G°, and the stand-
ard molar entropy change, A, S°, for the binding reaction were
calculated by the fundamental equations of thermodynamics

(32).
ALG2 = RTInK, (Eq.2)
ApSe, = (ApHY—ALGR)/T (Eq.3)

RESULTS

The Presence of Zn”" Influenced Tau Aggregation—The
enhanced fluorescence emission of the dye ThT has been fre-
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quently used for monitoring the kinetics of amyloid fibril for-
mation, which is a specific marker for the B-sheet conformation
of fibril structures (33, 34). Because Tau,,, 5., consists of the
four-repeat microtubule binding domain forming the core of
PHFs in Alzheimer disease and assembles more readily than
full-length Tau protein into filaments in vitro, we employed
such a Tau fragment for studying kinetics of Tau fibril forma-
tion. As shown in Fig. 1, the kinetic curves of the ThT fluores-
cence intensity at 480 nm for Tau,,, ., fibrillization were con-
sistent with a nucleation-dependent elongation model (35), in
which the lag phase corresponded to the nucleation phase, and
the exponential part to a fibril growth (elongation) phase.

Bivalent cations such as Mg>*, Mn>*, Ca®>", Zn>", and Cu®*
and trivalent cation Fe®** were incubated separately with phys-
iological concentrations of Tau,,, 5,5 at 37 °C in the presence
of DTT. As shown in Fig. 14, in the absence of cation, the lag
phase for wild-type Tau,,, 5, polymerization was ~500 s,
whereas the addition of Mg®", Mn>*, Ca®>*, Fe®", and Cu*" at
a low micromolar concentration (10 um) decreased the lag
phase in different ranges. In the presence of 10 um Zn**, how-
ever, the lag phase was dramatically diminished, indicating that
low micromolar concentrations of Zn>* greatly accelerated
fibril formation of wild-type Tau,,, 5,,, compared with no
Zn*", and the enhancing effect of Zn*>* was more remarkable
than those of other cations such as Mn>*, Fe*", and Cu®".
Clearly, the nucleation of Tau fragment was much more accel-
erated by 10 um Zn*" than the following step of elongation (Fig.
1A). Meanwhile, when wild-type Tau,,, s, was incubated
with 100 uMm cations, the kinetic curve of Tau,,,_s,, in the
presence of Zn>" was also quite different from those of other
cations except Fe** (Fig. 1B). The lag phase was too short to be
observed, but the maximum intensity became much lower in
the presence of 100 um Zn>* than that in the absence of cation,
indicating the aggregation of Tau,,, 5, was significantly
altered by higher concentrations of Zn>*. Both cases indicated
that the presence of Zn>*, compared with other cations, signif-
icantly altered the aggregation of Tau in reducing conditions
and factors other than electrostatic interactions must play a
role in this phenomenon.

To get a better understanding about the effect of zinc on Tau
aggregation, we performed ThT binding assays at various con-
centrations of Zn?*. As shown in Fig. 1C, the addition of 5-20
uM Zn>** accelerated fibril formation of wild-type Tau,,, 375
under reducing conditions, but the enhancing effect of Zn>"
was most significant when the concentration of Zn>* was 10
M, which is equal to that of Tau fragment. When the concen-
tration of Zn*" went higher, the kinetic curves still went up
instantly, almost without a lag phase, but the final ThT intensi-
ties decreased 65 and 76% for 50 and 100 um Zn>*, respectively
(Fig. 1C). The phenomenon that the presence of Zn*" signifi-
cantly reduced the lag phase indicated that Zn>" had a strong
enhancing effect on the nucleation of Tau protein. However,
smaller exponential growth at higher molar ratios of Zn>" to
Tau suggested fewer filaments but other forms of Tau aggre-
gates were formed, compared with no Zn**.

To semi-quantify the aggregates of Tau protein formed in the
presence of Zn>" at different concentrations, we carried out
Sarkosyl-insoluble SDS-PAGE experiments and assessed
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Tau,,, 5, aggregation under reducing conditions by meas-
uring the Sarkosyl-insoluble Tau as described (31). As shown in
Fig. 1D, a clear band corresponding to Sarkosyl-insoluble Tau
filaments was observed when wild-type Tau,,, ;. was incu-
bated in the absence of Zn>* for 40 min, whereas the Sarkosyl-
insoluble Tau band was observed when Tau,,, 3,, was incu-
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bated with Zn?>" at low micromolar concentrations (5-10 um)
for a much shorter time (15-10 min). Furthermore, when
Tau,,, 5, was incubated for 40 min, the intensity of the Sar-
kosyl-insoluble Tau band in the presence of 10 um Zn** was
remarkably higher than that in the absence of Zn>". This find-
ing further supports the observation mentioned above that low
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FIGURE 1. The presence of Zn>" altered Tau,,, _5,, fibrillization kinetics. A, 10 um Tau,,, _;,, wasincubated
with 10 um cation (open circle, Mg*"; filled triangle, Mn>*; filled inverted triangle, Ca*™; filled circle, Zn>*; filled
square, Fe*"; and open triangle, Cu>*) or without cation (open square); B, 10 um Tau,,, _3,, Was incubated with
100 um cation (open circle, Mg?"; filled triangle, Mn?"; filled inverted triangle, Ca**; filled circle, Zn*"; filled square,
Fe3";and open triangle, Cu®") or without cation (open square); C, 10 umM Tau,,,_s,, Was incubated with 0-100
uMZn?* (open square, 0 um; filled triangle, 5 um; filled circle, 10 um; filled inverted triangle, 20 uw; filled rhombus,
50 um; and filled square, 100 um). The buffer used was 50 mm Tris-HCl buffer (pH 7.5) containing 1 mm DTT, 2.5
um heparin, and 20 um ThT,and ThT binding assays were carried outat 37 °C.D, 10 um Tau,,, _5,, Was incubated
with 0-100 um Zn*" containing 2.5 um heparin and 1 mm DTT in 50 mm Tris-HCl buffer (pH 7.5) at 37 °C. Aliquots
were taken at 0, 5, 10, 15, 30, and 40 min, respectively, and then incubated with Tris-HCl buffer containing 1%
Sarkosyl followed by centrifuging at 150,000 X g for 30 min. Pellets were re-suspended with sample buffer
containing 5% 2-mercaptoethanol and subjected to 15% SDS-PAGE. Gels were stained with Coomassie Blue.
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micromolar concentrations of Zn*"
dramatically accelerate fibril forma-
tion of wild-type Tau,,, 5., in
reducing conditions, compared
with no Zn>". At higher concentra-
tions of Zn?" (50-100 um), how-
ever, no Sarkosyl-insoluble Tau
band was observed even at 40 min
(Fig. 1D), indicating that fewer fila-
ments but other forms of Tau aggre-
gates, Sarkosyl-soluble Tau aggre-
gates, were formed at higher molar
ratios of Zn>* to Tau under reduc-
ing conditions.

Morphology of Tau Aggregates
Varied with Molar Ratios of Zn”" to
Tau—TEM and AFM  were
employed to study the morphology
of wide-type Tau,,, 5., incubated
with Zn>* at different concentra-
tions for 60 min (Fig. 2). The addi-
tion of low micromolar concentra-
tions of Zn*>" (5 or 10 um) had no
significant effect on the morphology
of Tau samples monitored by TEM
and AFM, and long and branched
fibrils as well as a few short fila-
ments (Fig. 2, A-C) and some fila-
ments with a length of 200-500 nm
(Fig. 2, G-I) were observed in these
three samples. When the concen-
tration of Zn>" increased (50 or 100
wM) until the molar ratio of Zn?>* to
Tau exceeded equality, however,

(F)

FIGURE 2. Transmission electron micrographs (A-F) and AFM images (G-L) of Tau,,,_s,, aggregates formed with Zn?*. 10 umTau,,,_;,, was incubated
with 0-100 um Zn?* (Aand G, 0 um; Band H, 5 um; Cand /, 10 um; D and J, 20 um; E and K, 50 um; and Fand L, 100 M) containing 2.5 uM heparin and 1 mm DTT
in 50 mm Tris-HCl buffer (pH 7.5) at 37 °C for 60 min. A 2% (w/v) uranyl acetate solution was used to negatively stain the fibrils (A-F). The scale bars represent

200 nm.
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It is this interaction that accelerated
the nucleation of Tau protein.

FIGURE 3. Effect of Zn?* on Tau,,,_s,, fibrillization at various time points. 10 um Tau,,, s,, wasincubated
without Zn?* (black curves) and then titrated with 10 um Zn** or 100 um Zn?* at 15 min (A and C) or 30 min (B
and D) respectively (red curves). E, 10 um Tau,,,_s,, Was incubated with 10 um Zn?* (black curves) and then
titrated with aliquots of 1 mm EDTA at 15 min (red curves). F, 10 um Tau,,,_s,, was incubated with 100 um Zn?*
(black curves) and then titrated with 1 mm EDTA at 15 min (red curves). The beginning of titrations is indicated by
black arrows, and the curves are compared with 10 uM Tau,,,_s,, incubated without Zn™ (green curves). The
buffer used was 50 mm Tris-HCl buffer (pH 7.5) containing 1 mm DTT, 2.5 um heparin, and 20 um ThT, and ThT

To verify whether the effect of
Zn>" was chelator-reversible, we
added 1 mm EDTA into systems
containing Tau,,, 5,, incubated
with 10 or 100 um Zn>™ separately.

binding assays were carried out at 37 °C.

Tau,,, 5., filaments became much fewer and shorter, and
abundant granular aggregates (~30 nm in diameter) were
observed (Fig. 2, E, F, K, and L). Maeda and co-workers (36)
have observed similar aggregates and have suggested that such
granular Tau aggregates may be an intermediate form of Tau
fibrils.

Combining the results from TEM and AFM, we concluded
that the morphology of wild-type Tau,,, ., aggregates varied
with molar ratios of Zn®>" to Tau in reducing conditions. At
lower molar ratios, Tau aggregates were mainly composed of
filaments, which was similar to those in the absence of Zn>".
But at higher molar ratios, filaments became much fewer and
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As shown in Fig. 3 (E and F), the

addition of EDTA at 15 min in the
growth phase did not change fibrillization kinetics of Tau in
the presence of 10 um Zn>", suggesting that, once the nucle-
ation of Tau had been finished, the binding of Zn*" to Tau was
no longer necessary for the filament elongation and matura-
tion. But in the presence of 100 um Zn**, the addition of EDTA
at 15 min did alter the fibrillization kinetics by accelerating the
elongation of Tau protein remarkably and reaching a final ThT
intensity ~17% larger than that in the absence of Zn>"". Higher
concentrations of Zn>" induced Tau to form granular aggre-
gates under reducing conditions (Fig. 2). Moreover, such non-
fibrillar aggregates assembled into mature Tau filaments when
Zn>" had been chelated by EDTA (Fig. 3F).
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FIGURE 4. Cys-291 and Cys-322 are key residues in the interaction of Zn?* with Tau,,,_s,,. The top panels show the ThT binding assays of 20 um wild-type
(WT) Tau, 4,355 (A), 20 pM single mutants C291A (B), and C322A (C) or double mutant C291A/C322A (D) incubated with 0-80 um Zn™" (black, 0 um; red, 4 pm;
green, 10 um; blue, 20 um; cyan, 40 um; and magenta, 80 um) in the presence of 1 mm DTT. The bottom panels show the ThT binding assays of 20 uMm WT Tau,,,_57>
(E), 20 um single mutants C291A (F), and C322A (G) or double mutant C291A/C322A (H) incubated with 080 um Zn>* (black, 0 um; red, 4 um; green, 10 um; blue,
20 uM; cyan, 40 um; and magenta, 80 M) in the absence of DTT. The assays were carried out at 37 °C, and the samples were incubated in 50 mm Tris-HCl buffer

(pH 7.5) containing 100 mm NaCl, 5 um heparin and 50 um ThT.

Effect of Zn*"* on Tau Aggregation under Reducing or Oxida-
tive Conditions—Neuronal cells normally have a reducing envi-
ronment maintained by an excess of glutathione (1, 5, 37). To
mimic the reducing environment present in normal neuronal
cells and block the formation of an intramolecular disulfide
bond, DTT, a strong reducing agent, was used in this study. We
carried out ThT binding assays in the presence and absence of
DTT to compare the effect of Zn>" on Tau aggregation under
reducing conditions with that in oxidizing conditions. Addi-
tionally, 100 mm NaCl was added into the polymerization mix-
ture to mimic the physiological salinity. It has been reported
that Tau aggregation is highly sensitive to elevated ionic
strength (38). As shown in Fig. 44, in the presence of DTT and
100 mMm NaCl, the results were quite similar to those obtained in
the presence of DTT but without salt (Fig. 1), except that the lag
time of Tau fibrillization was much longer than that in the
absence of salt as expected. When wild-type Tau,,, 5,, was
incubated with low micromolar concentrations of Zn>", the
kinetic curves of Tau fibrillization grew much faster and
reached a plateau around 3 h, compared with >8 h in the
absence of Zn>", once again indicating that low micromolar
concentrations of Zn>* dramatically accelerated fibril forma-
tion of wild-type Tau,,, ;,, under physiological reducing
conditions.

While in the absence of DTT (Fig. 4E), the kinetic curve of
Tau fibrillization showed no detectable increase within 3 h in
the absence of Zn>". But when Tau,,, 5., was incubated with
different concentrations of Zn>*, the kinetic curves showed
instant increases in oxidizing conditions even at higher molar
ratios of Zn>* to Tau. It is quite different from those obtained in
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reducing conditions, which showed smaller exponential
growth and much lower final ThT intensities at higher molar
ratios of Zn>" to Tau (Fig. 44). This comparison suggests that
higher concentrations of Zn*" induced Tau to form granular
aggregates only under reducing conditions.

Cys-291 and Cys-322 Are Key Residues in the Interaction of
Zn** with Tau—There are two cysteine residues, Cys-291 and
Cys-322, in full-length human Tau protein (441 amino acids).
They are located in repeats 2 and 3 of the four-repeat microtu-
bule binding domain (37, 39). Little is known about the role of
such cysteine residues in Tau assembly, because their substitu-
tion with other amino acids has no effect on Tau filament mor-
phology (40). In this study, Tau,,,_;-, mutants containing sin-
gle and double cysteine mutations were designed, and ThT
binding assays using such mutants were performed to provide
information about the binding sites of zinc in Tau protein and
the role of Cys-291 and Cys-322 in Tau assembly. Table 1 sum-
marizes the kinetic parameters obtained for fibril formation of
wild-type Tau,,, 3., and its cysteine mutants in the presence
of low micromolar concentrations of Zn** under reducing con-
ditions. Unlike wild-type Tau,,, 5.5, 4—10 uM Zn*" had no
obvious effects on fibrillization kinetics of single mutants
C291A and C322A and double mutant C291A/C322A in reduc-
ing conditions (Fig. 4, B-D, and Table 1), indicating that low
micromolar zinc accelerated the fibrillization of human Tau
protein via bridging Cys-291 and Cys-322. But higher concen-
trations of Zn>* did not have uniform effects on fibrillization
kinetics of Tau,,, 5, mutants under reducing conditions: an
inhibitory effect on C291A (Fig. 4B), an enhancing effect on
C322A (Fig. 4C), and no obvious enhancing effect on C291A/
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C322A (Fig. 4D). The above results suggest that, under physio-
logical reducing conditions, Cys-291 and Cys-322 are key resi-
dues in the interaction of Zn>" with Tau protein.

While under oxidative conditions, the addition of different
concentrations of Zn>" showed remarkable enhancing effects
on fibrillization kinetics of wild-type Tau,,, ;,, and single
mutants C291A and C322A but had no obvious effect on double
mutant C291A/C322A (Fig. 4, E-H), suggesting that, in oxidiz-
ing conditions, Cys-291 and Cys-322 are also key residues in the
interaction of Zn>* with Tau protein. The presence of Cys-291
and Cys-322 gives rise to a tendency to form an intramolecular
disulfide bond and thus generate compact Tau monomers

TABLE 1

Kinetic parameters of Tau,,, _s fibrillization in the presence of low
micromolar concentrations of Zn?* as determined by ThT binding
assays at 37 °C

Kinetic parameters, , t,,,, and the lag time, were determined by fitting ThT fluores-
cence intensity versus time to Equation 1. The buffer used was 50 mm Tris-HCI
buffer (pH 7.5) containing 1 mm DTT, 100 mm NaCl, 5 um heparin, and 50 um ThT.
Errors shown are * S.E.

Tau,y, 37, Zn** k bt Lag time
M 1073 min™! min min
wWT* 0 373+ 4.0 176 + 4 122 + 10
4 35.1+95 38.2 = 11 0*
10 17.6 = 0.6 48.0 + 3.7 0°
C291A 0 222+ 0.4 253 =2 163 + 4
4 21.1 = 0.4 273+ 3 178 =5
10 156 = 0.3 257 + 7 129 =9
C322A 0 ND*¢ ND 100°
4 ND ND 100°
10 ND ND 70”
DM? 0 16.0 £ 0.5 304+ 8 179 + 12
4 17.8 + 0.9 283+ 9 171 + 15
10 263+ 1.3 227 +3 151 =7

“WT, wild-type Tau, 4 _375.

 Observed from the ThT fluorescence curves directly.

¢ ND, not determined because the ThT fluorescence data in the present conditions
could not be fitted to such a sigmoidal equation.

% DM, double mutant C291A/C322A of Tau,,, 5.

under oxidative conditions (41, 42). Clearly, the formation of
such intramolecular disulfide bonds was unfavorable to fibril
formation of Tau,,,_;,,, and zinc accelerated filament forma-
tion of Tau protein by inhibiting the formation of intramolec-
ular disulfide bonds and enhancing intermolecular ones in oxi-
dative conditions (Fig. 4, E-G).

Thermodynamics of the Binding of Zn®" to Tau—ITC pro-
vides a direct route to the complete thermodynamic character-
ization of non-covalent, equilibrium interactions (32, 43), and
DTT concentrations as low as 1 mm can cause severe baseline
artifacts due to background oxidation during the titration.
Therefore ITC was used to measure the binding affinity of Zn**
to Tau monomer in the absence of DTT. ITC profiles for the
binding of Zn>* to wild-type Tau,,, 3., single cysteine
mutant C322A, and the histidine-less mutant at 25.0 °C are
shown in Fig. 5. The top panels in Fig. 5 representatively show
raw ITC curves resulting from the injections of Zn>* into a
solution of wild-type Tau,,, 5, (Fig. 54), C322A (Fig. 5B), and
histidine-less mutant (Fig. 5C). The titration curves show that
zinc binding to wild-type Tau,,, _5,,and its mutants is exother-
mic, resulting in negative peaks in the plots of power versus
time. The bottom panels in Fig. 5 show the plot of the heat
evolved per mole of Zn>" added, corrected for the heat of
Zn*" dilution, against the molar ratio of Zn*>" to wild-type
Tau,,, 5., (Fig.5D), C322A (Fig. 5E), and histidine-less mutant
(Fig. 5F). The calorimetric data were best fit to a model assum-
ing a single set of identical sites. The thermodynamic para-
meters for the binding of Zn>" to Tau,,, s, are summarized
in Table 2. As shown in Table 2, one Zn>"* bound to one wild-
type Tau,,, 5,, molecule with a dissociation constant of 3.82
uM. The binding affinities of Zn>" to single cysteine mutants
C291A and C322A were significantly lower than that of wild-
type Tau,,, 3., with a dissociation constant of 9.71 and 20.2
uM, respectively. No binding reac-
tion for Zn>" with double cysteine
mutant C291A/C322A was de-

tected by ITC (Table 2), demon-
strating that Cys-291 and Cys-322
are key residues in the interaction of
Zn>* with Tau protein. Because it is
known that zinc prefers tetrahedral
4 coordination (44), we wanted to
C 1 know what the remaining zinc

ligands were. As shown in Table 2,
| thebinding affinities of Zn>" to sin-
- gle histidine mutants H330A and
1 H362A and histidine-less mutant
were remarkably lower than that of
wild-type Tau,,, 3., suggesting

F 1 that His-330 and His-362 are prob-
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FIGURE 5.ITC profiles for the binding of Zn*>* to wild-type Tau,,,_,, and its mutants at 25. 0 °C. The top
panels represent the raw data for sequential 1-ul injections of Zn?* (6.0, 2.8, and 4.5 mm for A, B, and C,
respectively) into 200 um wild-type (WT) Tau,,,_35, (A), 100 um single mutant C322A (B), and 200 um histidine-
less mutant H268A/H299A/H329A/H330A/H362A in 50 mm Tris-HCl buffer (pH 7.5) (C), respectively. The bottom
panels (D, E, and F) show the plots of the heat evolved (kilocalories) per mole of Zn*>* added, corrected for the
heat of Zn?* dilution, against the molar ratio of Zn?* to Tau,,,_s5,. The data (solid squares) were best fitted to

a single set of identical sites model, and the solid lines represent the best fit.
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ably the remaining zinc ligands.

DISCUSSION

Zn®" Modulates Tau Aggregation
via Bridging Cys-291 and Cys-322—
During the past decade, several
models describing the fibril forma-
tion of human Tau protein have
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TABLE 2
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Thermodynamic parameters for the binding of Zn** to Tau,,,_;,, as determined by ITC at 25.0 °C

Thermodynamic parameters, K, A

m’

and i, were determined using a single set of identical sites model. The standard molar binding free energy (A | G?,) and the standard

molar binding entropy (A ,S°) for the binding reaction were calculated using Equations 2 and 3, respectively. The buffer used was 50 mm Tris-HCl buffer (pH 7.5). Errors

shown are = S.E.

Tauy,, 37, K, n Ay Hy, AGo ApS

M keal mol ™! keal mol ™! cal mol T K1
wWT 3.82 £ 0.65 0.905 = 0.012 —15.0 £0.3 —7.39 £0.10 —256*+1.3
C291A 9.71 £ 0.62 0.443 = 0.009 —10.1 £0.27 —6.83 £ 0.04 —-11.1 *+1.1
C322A 202 1.2 0.922 = 0.017 —5.62 £ 0.14 —6.40 £ 0.04 2.62 £ 0.59
DM? NB* - — - -
H330A 8.77 £1.08 0.584 = 0.012 —13.7 £ 0.46 —6.90 £ 0.07 —227*1.8
H362A 5.92 * 2.44 0.622 = 0.038 —3.80 £0.27 —7.13 £0.24 112+ 1.7
Histidine-less” 38.3 0.8 0.556 = 0.004 —9.75 £ 0.09 —6.02 £0.01 —12.5*+0.3

“WT, wild-type Tauyy 375

» DM, double mutant C291A/C322A of Tauyu, 575

¢NB, no binding observed in the present conditions.

4 Histidine-less, histidine-less mutant H268A/H299A/H329A/H330A/H362A.

been proposed to characterize the mechanism and key factors
in this process (1, 35, 37, 38, 42, 45— 47). A typical Tau filament
pathway starts with the formation of assembly-competent
intermediates, which then form fibrils following classic
nucleation-dependent kinetics characterized by a lag period,
followed by a period of exponential growth and an asymptotic
approach to equilibrium (35, 45). The “driving force” for fila-
ment formation by Tau protein involves both the formation of
an intermolecular disulfide bond (35) and non-covalent inter-
molecular interactions such as hydrogen bonds between all
pairs of adjacent B-strands (48), electrostatic interactions
between the negatively charged heparin and the basic lysine
residues of Tau (49), and hydrophobic interactions between
Tau molecules and between Tau and heparin (50). Any struc-
tural change to enhance the driving force should promote the
fibril formation of human Tau molecules. In this study, we
demonstrated that low micromolar zinc dramatically acceler-
ated fibril formation of wild-type Tau,,,_5,, but had no obvi-
ous effects on fibrillization kinetics of single mutants C291A
and C322A and double mutant C291A/C322A and thus sug-
gested that low micromolar zinc accelerated the fibrillization of
human Tau protein via bridging Cys-291 and Cys-322 under
physiological reducing conditions. In other words, the enhanc-
ing effect of low micromolar concentrations of Zn>" depended
on intermolecular disulfide bridges formed by Cys-291 and
Cys-322. In contrast, higher concentrations of Zn>" inhibited
Tau fibrillization and induced wild-type Tau,,, 5,, to form
granular aggregates but still had no noticeable effect on the
double mutant in reductive conditions. The binding of Zn>* to
Tau monomer is an exothermic reaction, which is favorable to
the non-covalent intermolecular interactions as described
above. Therefore, under reducing conditions, low micromolar
zinc enhanced both the formation of intermolecular disulfide
bridges between Cys-291 and Cys-322 and these non-covalent
intermolecular interactions to promote Tau fibrillization. But
higher concentrations of Zn>" strongly inhibited the formation
of intermolecular disulfide bridges between Cys-291 and Cys-
322 and thus inhibited Tau fibrillization. All the evidence above
strongly supports our finding that Zn>" modulates Tau aggre-
gation via bridging Cys-291 and Cys-322 in reducing
conditions.

Under oxidative conditions (air oxidation), however, a pre-
requisite for nucleation is the dimerization of Tau, because Tau
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dimers act as effective building blocks (35), and dimerization
and nucleation are the rate-limiting steps for PHF formation
(47). Furthermore, a dimeric Tau with an intermolecular disul-
fide bond is presumably acting as a seed for initiation of Tau
polymerization (39), and the presence of PHF6 hexapeptide and
one cysteine residue is a minimum requirement for efficient
assembly of cysteine-dependent Tau dimer (40). The present
study demonstrated that the effect of zinc on Tau assembly can
be affected by the oxidative/reductive state of experimental
conditions. In oxidizing conditions, the addition of Zn*" even
at high concentrations showed remarkable enhancing effects
on fibrillization kinetics of wild-type Tau,,, ;,, and single
mutants C291A and C322A but had no obvious effect on the
double mutant. This finding suggests that Zn>" enhances Tau
fibrillization by inhibiting the formation of intramolecular
disulfide bonds and promoting the formation of the dimeric
Tau with an intermolecular disulfide bond through either Cys-
291 or Cys-322 under oxidative conditions.

Characterization of the Zinc Binding Sites of Tau—As an
essential element, Zn>"* has been found to play a catalytic or
structural role in many proteins (13, 51). In catalytic zinc sites,
Zn>" generally forms complexes with water and any three
nitrogen, oxygen, and sulfur donors with His being the predom-
inant amino acid chosen. In structural zinc sites, however, Zn?*
is found tetrahedrally coordinated to amino acid residues and
bound preferentially to Cys (44). In this case, Zn>" bound to
Tau protein via tetrahedral coordination to Cys-291 and Cys-
322 as well as two histidines, which are assumed to be His-330
and His-362, and thus modulated the assembly kinetics and
morphology of aggregates of human Tau protein associated
with Alzheimer disease. This finding suggests that Zn>* should
play a structural role but not a catalytic role in the aggregation
of Tau protein.

Zinc Plays a Significant Role in the Development of Tau
Pathology—A hallmark of a group of neurodegenerative dis-
eases such as Alzheimer disease is the formation of NFTs,
which are principally composed of bundles of filaments formed
by microtubule-associated protein Tau (1-3, 52—54). There is
considerable evidence showing that zinc, as an essential ele-
ment that is highly concentrated in brain, is linked to the devel-
opment or progression of these diseases (13). Brain zinc is gen-
erally divided into two types, protein-bound and loosely bound,
the latter also being termed mobile zinc (55). Alterations in zinc

JOURNAL OF BIOLOGICAL CHEMISTRY 34655



Low Micromolar Zinc Accelerates Tau Fibrillization

metabolism and homeostasis have been reported in such neu-
rodegenerative diseases (10—12). Therefore, further elucida-
tion of the pathological actions of Zn>* in the brain should
result in new therapeutic approaches to these neurodegenera-
tive diseases.

Zn>* has been reported to bind to several proteins/peptides
associated with neurodegenerative diseases, including human
amyloid B peptides (21, 56, 57), human prion protein (58, 59)
and human a-synuclein (23). Zinc binding has been shown to
modulate the aggregation behavior of these amyloidogenic pro-
teins. For instance, zinc binding promotes fibril formation of
human amyloid B peptides associated with Alzheimer disease
(21, 22). Zn>* has been used to modulate the assembly kinetics
and morphology of congeners of amyloid B peptide (60), and
low micromolar zinc significantly reduces amyloid B toxicity
(61). Human a-synuclein, a protein associated with Parkinson
disease, is intrinsically unfolded (62) and Zn>" binding triggers
the fibrillization of methionine oxidized a-synuclein (23). The
abnormal form of prion protein is believed to be responsible for
transmissible spongiform encephalopathy (63, 64), and copper
and zinc binding modulates the aggregation and neurotoxic
properties of the human prion peptide prion protein 106 —-126
(58). Our work continues the long story of the possible role of
metal ions such as zinc in forming fibrils. We demonstrated for
the first time that one Zn>"* binds to one Tau monomer via
tetrahedral coordination to the two cysteines of human Tau
protein, Cys-291 and Cys-322, and two histidines, with a mod-
erate affinity similar to that between Zn>" and amyloid 8 (21,
56, 57). We also found that the Tau fibrils formed in the pres-
ence of low micromolar Zn>* showed significant dose-depend-
ent cytotoxicity to SH-SY5Y neuroblastoma cells when
SH-SY5Y cells were treated with such fibrils for 24 h (data not
shown). Taken together, these results indicate that Zn>~"
directly binds to Tau protein via tetrahedral coordination to
Cys-291 and Cys-322 as well as two histidines, and thereby
modulates Tau aggregation in physiological reducing condi-
tions. Thus, it seems reasonable to speculate that Alzheimer
disease, Parkinson disease, and transmissible spongiform
encephalopathy share common mechanisms of metal ion
(including zinc ion) regulation of amyloidogenic protein aggre-
gation, which might lead to a common (65), or at least one or
more overlapping, pathogenic mechanisms.

In addition to this direct interaction between Zn>" and
human Tau protein we observed, it is also known that many of
the kinases that phosphorylate Tau (ultimately resulting in
hyperphosphorylation and dissociation from the microtu-
bules), such as the extracellular signal-regulated kinase, can be
induced by Zn>* (66, 67). Zinc has a bimodal effect on Tau
phosphorylation depending on the zinc concentration and
induces glycogen synthase kinase-33 activation and Tau release
from microtubules (68). The interaction of Tau protein with its
partner S10083 is promoted by zinc and inhibited by hyperphos-
phorylation in Alzheimer disease (69). All the results above sug-
gest that zinc plays a significant role in the onset and develop-
ment of Tau pathology associated to neurodegenerative
diseases by increasing the formation of neurotoxic fibrils of Tau
protein.
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In conclusion we have shown that: (i) fibril formation of Tau
protein from natively unstructured monomers proceeds slowly
in the absence of Zn>"; (ii) low micromolar concentrations of
Zn*>" dramatically accelerate fibril formation of Tau in both
reducing conditions and oxidative conditions; (iii) higher con-
centrations of Zn>" induce Tau to form granular aggregates
only under reducing conditions, and these non-fibrillar aggre-
gates assemble into mature Tau filaments when Zn>" has been
chelated by EDTA; (iv) one Zn*" binds to one Tau monomer
via tetrahedral coordination to Cys-291 and Cys-322 as well as
two histidines, with moderate, micromolar affinity, in oxidizing
conditions. Our data demonstrate that low micromolar zinc
accelerates the fibrillization of human Tau protein via bridging
Cys-291 and Cys-322 in physiological reducing conditions, pro-
viding clues to understanding the relationship between zinc
dyshomeostasis and the etiology of neurodegenerative diseases.
The enhancing effect of zinc on Tau fibrillization occurred at
concentrations 10- to 30-fold lower than the 100 -300 uM zinc
concentration present in synaptic vesicles of the brain, impli-
cating an important role for zinc in Tau aggregation and toxic-
ity in the Alzheimer disease brain.
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