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ABSTRACT. The accumulation of polymers of the microtubule associated protein tau is correlative with
increased neurodegeneration in Alzheimer’'s disease and other related tauopathies. In vitro models have
been developed in order to investigate molecular mechanisms that regulate the polymerization of tau.
Arachidonic acid and heparin have been proposed to induce tau polymerization via a ligand dependent
nucleation-elongation mechanism. However, certain aspects of these in vitro results are inconsistent with
a classic nucleationelongation mechanism. Using steady state and kinetic analyses of tau polymerization
at a variety of protein and inducer concentrations, we have found that the thermodynamic barrier for
nucleation in the presence of inducers is negligible, which was manifested by increases in protein
polymerization at low tau concentrations and very rapid kinetics of polymerization. However, the mechanism
of polymerization is complicated by the observation that high concentrations of inducer molecules result
in the inhibition of tau fibril formation through different mechanisms for arachidonic acid and heparin.
These observations indicate that the molar ratio of inducer to protein is a greater determinant of the rate
and extent of tau polymerization than the concentration of tau itself. Our results are therefore not consistent
with a canonical nucleatierelongation reaction but rather are more consistent with an allosteric regulation
model in which the presence of small molecules induce a conformational change in the protein that decreases
the thermodynamic barrier for polymerization essentially to zero.

The microtubule-associated protein tau is a major com- Heparin induced tau polymerization demonstrates a pro-
ponent of the fibrillar structures that accumulate in neu- nounced lag phase that can be reduced through the addition
rofibrillary tangles, neuropil threads, and neuritic plaques in of nucleation seeds5( 6). The induction of tau polymeri-
Alzheimer's disease (AP). Filamentous deposits of tau can zation has therefore been described to proceed via a ligand-
also be found in many other neurodegenerative tauopathiesgdependent nucleatierelongation mechanism in which either
such as Pick’s disease, corticobasal degeneration, andARA or heparin serves as the ligans—9).
progressive supranuclear palsy (reviewed 1}).(Because Certain aspects of in vitro tau polymerization in the
these deposits correlate with cognitive impairment and are presence of inducer molecules are not consistent with a
not present in significant amounts in the normal brain, it is canonical nucleationelongation mechanism. For example,
widely accepted that the formation of these filamentous the dose-response curves for the amount of polymerization
structures is involved in the neurodegenerative processwith increasing tau concentrations are not lin€arlQ), and
(reviewed in R)). It is therefore of great importance to some estimates for the critical concentration for polymeri-
understand the molecular mechanisms that result in thezation are very close to zer8,(11). We now provide new
abnormal polymerization of tau. evidence that demonstrates that tau polymerization in the

Inducer molecules, such as arachidonic acid (ARA), presence of inducers is more complex than a simple
heparin, and other polyanionic compounds are used to drivenucleatior-elongation mechanism. By altering the stoichi-
rapid self-association of tau into fibrillar structures in vitro ometry of inducers to protein, we have found that arachidonic
(reviewed in B8)). Although the physiological inducer of tau acid and heparin reduce the energetic barrier for tau
polymerization in AD is not known, the filamentous struc- nucleation, resulting in increased polymerization at low
tures induced by ARA and heparin are structurally similar protein concentrations. The amounts of polymer that could
to those found in the disease (reviewed4)) @nd therefore ~ be detected under different conditions were dependent on
serve as good models for pathological tau fibrillization. ARA the method of detection. Additionally, arachidonic acid and
induction of tau polymerization exhibits an apparent critical heparin inhibit polymerization at high inducer to protein
concentration for polymerization and proceeds via a partially ratios, resulting in structures similar in morphology to species
folded thioflavine S-positive intermediate (reviewed 4))( previously described as intermediates in the polymerization

process 1, 8). These results are more consistent with an
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stoichiometry of inducer molecules to protein concentration Cybernetics, Silver Spring, MD). Frequency distributions of
greatly influences the length and amount of filaments formed. filament lengths were generated by placing filaments into
The results also provide a potential explanation for the 50 nm hins with the center of the first bin at 25 nm. The
elusiveness of the physiological inducer of tau polymeriza- number of filaments per bin was multiplied by the bin center
tion. Finally, the data presented provide evidence that theto generate the approximate mass of filaments within a given

interaction of tau molecules with inducer molecules may
provide a therapeutic target for blocking tau polymerization
in disease.

EXPERIMENTAL PROCEDURES

Chemicals and Reagent&rachidonic acid was obtained
from Cayman Chemicals (Ann Arbor, MI), heparin sodium
salt, grade I-A, from porcine intestinal mucosa lot 125K1336,
and heparin sodium salt lot 116K1130 from Sigma (St. Louis,
MO), IPTG from Calbiochem (EMD Biosciences, La Jolla,
CA), thioflavine S from Sigma (St. Louis, MO), and uranyl
acetate from Electron Microscopy Sciences (Fort Washing-
ton, PA). Tau protein (441 amino acids, corresponding to
the longest central nervous system isoform) was expresse
and purified as described previoush3]. Protein concentra-

tion was determined by a commercial BCA assay from Pierce

Chemical (Rockford, IL) using bovine serum albumin (Pierce
Chemical, Rockford, IL) as a standard.

Polymerization Reactions in VitroArachidonic Acid
(ARA) induction: Tau protein (84 uM) in polymerization
buffer (10 mM HEPES at pH 7.6, 100 mM NacCl, 0.1 mM
EDTA, and 5 mM DTT) was incubated at room temperature
in the presence of ARA (6300uM, concentration of ethanol
carrier was kept constant at 3.75% for all reactions) fo26
h (13). Heparin induction: Tau protein {4 «M) in low-
salt polymerization buffer (10 mM HEPES at pH 7.6,15
40 mM NaCl, 0.1 mM EDTA, and 5 mM DTT) was
incubated at 37C in the presence of heparin{6.25uM)
for 6—20 h (@4). A polymerization reaction using a different
source of heparin (Sigma 116K1130) gave virtually identical

length of filaments. The mass per bin was then divided by
the total filament mass to give a percent of total mass for
each range of filament length&3).

Kinetics of PolymerizationThe kinetics of tau polymer-
ization reactions at protein concentrations from 0.5 to 4.0
uM in the presence of optimal, limiting, and inhibitory ratios
of ARA and heparin were followed by fluorescence in the
presence 2(uM ThS using a FlexStation Il fluorometer
microplate reader (Molecular Devices Corporation, Sunny-
vale, CA). The data were fit to a single phase exponential
association equation using GraphPad Prism software. The
data for optimal ratios of ARA were fit using a mathematical
model developed for the kinetics of actin nucleation and

Qoolymerization 25) by first fitting the 4uM tau curve for

values ofn, kt, andK,-; and then using these values to fit
the data from the other protein concentrations.
Determination of Monomer Concentrations at Apparent
Steady StateThe amount of tau monomer in solution
following a polymerization reaction was determined using
a centrifugation assayl$). Tau polymerization reactions
were performed with either heparin or ARA for approxi-
mately 20 h using the conditions listed above and then
overlaid onto a 40% glycerol cushion and centrifuged at 80,-
000 rpm in a Beckman TLA-100 rotor for 20 min at 26
(15). The samples from the upper layer were analyzed by
SDS-PAGE using the Bio-Rad Silver Stain Plus Kit
(Hercules, CA). Band intensities were estimated in Adobe
Photoshop and the concentration of monomer in the upper
layer was calculated from a tau standard curve in the same
gel using GraphPad Prism software. The depletion of

results to the heparin batch (Sigma 125K1336) used for the filaments from the upper layer was confirmed by electron

experiments in this manuscript (data not shown).

Thioflavine S fluorescenceThioflavine S was added to
tau polymerization reactions at a final concentration of 20
uM, and the resulting fluorescence was measuretl,abf
440 nm andiem of 520 nm in a 96-well-plate format in a
Cary Eclipse fluorescence spectrophotomer (Varian Analyti-
cal Instuments, Walnut Creek, CA}J).

Right Angle Laser Light Scatterindau polymerization
reactions were placed into 5 5 mm fluorometer cuvettes
(Starna Cells, Atascadero, CA) and illuminatedhnat5 mw
solid state 475 nm laseB(& W Tek, Inc., Newark, DE).
Images of the resulting scattered light perpendicular to the
incoming light were captured with a digital camera (Sony
XC-ST270) and imported into Adobe Photoshop. The
intensity of the scattered light was measured using the
histogram feature of the softwar&3).

Transmission Electron Microscoplolymerization reac-
tions were fixed at 1:10 (ARA) or 1:5 (heparin) dilutions
with 2% glutaraldehyde, placed on Formvar-carbon coated

grids, and stained with 2% uranyl acetate. Grids were viewed

with a JEOL 1200 EXII electron microscope, and images
were captured with the MegaViewll imaging system (Soft
Imaging System, GmbH Nhster, Germany). Filament

lengths were extracted from digitized electron micrographs
using the Optimas analytical imaging software (Media

microscopy (data not shown).

Determination of Ligand Binding to Tau Filamenigau
polymerization reactions ranging from-2 uM total protein
were performed with either Habeled heparin (0.376M)
or ARA (75uM) for approximately 20 h using the conditions
listed above and then centrifuged at 80,000 rpm in a
Beckman TLA-100 rotor for 30 min at 28C. The super-
natants were removed, and the pellet was resuspended in
5% SDS in 0.1 M NaOHZ6). The amount of radioactivity
in the supernatants and pellets was measured with a Packard
1600TR liquid scintillation counter. The concentration of
protein in the pellet was determined using a BCA protein
assay. The centrifugation tubes used for ARA were sili-
conized before use in an effort to reduce the amount of ARA
background. The pellets were not washed because significant
amounts of radioactivity were lost for each of three washes
performed with assembly buffer. The amount of radioactivity
in the supernatants and pellets following the centrifugation
of an assembly incompetent form of tau (1277,208Fj, (

18) served as a control for background binding and was
subtracted from the values for wild type tau.

RESULTS

Efficient Tau Polymerization Requires Inducer Molecules.
Several concentrations of full length tau protein were
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Ficure 1: Nonlinearity of tau polymerization with regulatory molecules. Tau protein at various concentratiaris) was incubated

alone (A and B), with 7%«M ARA (C and D), and with 0.376:M heparin (E and F) for approximately 16 h, and the final extent of
polymerization was determined by LL®(left y-axis) and ThS fluorescenc®(right y-axis). The presence or absence of filaments was
confirmed by EM (B, D, and F). Note that the scales of xrexes and-axes are different for the different conditions because virtually no
polymerization was observed without regulatory molecules, and ARA gave a much stronger signal than did heparin under these conditions.
Data in A represent a single experiment. C and E show an average of three expetin®#ité. The scale bar in F represents 200 nm and
applies to each micrograph.

incubated for approximately 20 h either alone or in the tions. As was observed for the ARA inducer, in the presence
presence of 7M arachidonic acid (ARA) or 0.37aM of a constant concentration of heparin inducer, the amount
heparin (Figure 1). Levels of polymerized tau were monitored of polymer formed was not linear over the entire range of
by thioflavine S (ThS) fluorescence, laser light scattering protein concentrations when using LLS and ThS as detection
(LLS) and electron microscopy (EM). Consistent with methods (Figure 1E).

previously published resultsl9), no polymer could be To determine the theoretical lowest concentration of
detected by any of the three methods when tau was incubategbrotein required for polymerization in the presence of
without inducer (Figure 1A and B). High levels of polym- inducers, the amount of tau polymer observed at differing
erized tau were detected by all three methods in the presencéotal protein concentrations in the presence of inducer
of 75 uM ARA (Figure 1C and D). However, the dose molecules can be fit to a linear regressiah 11, 20—22).
response curves for the amount of polymer detected by ThSThe x-intercept is commonly referred to as the critical
consistently gave a different shape than was detected by LLS,concentration for polymerization. These values were deter-
especially at low protein concentrations (Figure 1C). Fur- mined by fitting the linearly increasing part of the curves
thermore, the levels of measured polymer were not linear for LLS using linear regression analysis. For the ARA
over the entire protein concentration range for LLS and ThS reactions (Figure 1C), the-intercept (fitting the final
(Figure 1C). In the presence of 0.3746/ heparin (Figure polymer amounts at-22 uM total protein) was 0.%M. For

1E and F), products of polymerization were detected by all heparin (Figure 1E), the-intercept (fitting the final polymer
three methods, although the desesponse curves for ThS amounts at 0.52 xM total protein) was 0.6uM. The
and LLS did not appear to agree at low protein concentra- predictedx-intercept for polymerization as determined by



Inducer Regulation of Tau Polymerization Biochemistry, Vol. 46, No. 30, 2008841

A 6001 of the inducer is limiting because the amount of polymer
increases when the ARA concentration is increased to 150
500+ uM. Increasing the inducer concentration further to 00

is inhibitory because the amount of polymer is less than that
observed with 15Q«M. This effect explains the observed

400+

§ nonlinearity in tau polymerization reactions when the tau
§ 3004 concentration was increased while the concentrations of the
g inducer were held constant (Figure 1).

2 4nM Constant Molar Ratios of ARA to Protein Result in Linear

2001 Increases in Polymer FormationBecause increases or

decreases in the molar ratio of inducer to protein resulted in
2uM nonlinear amounts of tau polymerization, we hypothesized
-------------------- M that maintaining a constant molar ratio would ameliorate
these effects. Therefore, polymerization reactions were
performed at varying protein concentrations while maintain-
ing a constant molar ratio of ARA to protein. Linear increases

1004

J v L v L v 1
0 50 100 150 200 250 300 350

[ARA], uM

B 275- in polymer were observed for limiting (18.75:1), optimal
2504 (37.5:1), and inhibitory (75:1) ratios of ARA (Figure 3). The
amount of tau polymer detected by LLS and ThS using the
225+ limiting and optimal ratios of ARA to protein showed high
2004 correlation, whereas there was less correlation between the
8 175+ two methods using the inhibitory ratio. The data in Figure 3
§150. was fit by linear regression in order to determine the
§125- x-intercept, which should represent the predicted lowest
S protein concentration required for tau polymerization (Table
iz 100+ 1). The x-intercepts for the three molar ratios of ARA to
754 protein were not the same. The inhibitory ratio resulted in a
50+ lower value for thex-intercept than that at optimal conditions,
254 and the limiting ratio resulted in a higher value for the
0 x-intercept than that at optimal conditions.
0.0 0.2 0.4 0.6 08 1.0 1.2 1.4 1.6 1.8 2.0 Molar Ratio of ARA to Protein Determines the Number

[Heparin], 1M and Length of FilamentsChanges in filament length or

Ficure 2: Variation of regulatory molecule concentrations in tau morphology could greatly alter the amount of scattered light

polymerization reactions. Tau polymerization reactions am)| 2 (23) and the degree of ThS binding to filamen&l, We
(2), and 4 &) uM protein concentration were mixed with various hypothesized that changes in filament length or morphology

concentrations of (A) ARA or (B) heparin and incubated for could be responsible for the discrepancy in the ThS and LLS

approximately 20 h. ThS was added at a final concentration of 20 measurements under inhibitory conditions. The use of

uM, and the amount of resulting fluorescence was determined. The. " - o . .
error bars denote the SEM. inhibitory polymerization conditions, that is, low protein and

high ARA concentrations, resulted in the majority of the

ThS fluorescence was zero for both ARA and heparin (Figure filament mass belonging to filaments shorter than 50 nm in
1C and E). length (Figure 4A and B). The mass of filaments formed

Concentration of Inducer Molecules Determines the Extent under optimal and limiting conditions was more evenly
of Tau Polymerization.In the above experiments, the distributed among all filament lengths, due mainly to an
concentrations of inducer molecules are held constant as théncrease in the number of longer filament species (Figure
protein concentration is varied. We hypothesized that the 4C—E). These results indicate that filament length and
observed nonlinearity at high protein concentrations was duemorphology impact the ability to detect tau filament forma-
to limiting amounts of inducer. Tau polymerization reactions tion using the LLS and ThS techniques and that filament
were therefore performed at several different concentrationslength and morphology are dependent on the inducer/tau
of inducers. The resulting doseesponse curves were not stoichiometry.
linear but biphasic. The amount of polymer detected by ThS Because the length and morphology of the filaments
fluorescence increased to a peak, then declined (Figure 2Achanged as a function of protein concentration at constant
and B). Similar results were obtained using LLS as a ARA concentrations, we hypothesized that maintaining a
detection method (data not shown). At each of the three constant stoichiometry between ARA and tau would result
protein concentrations tested, the maximum ThS fluorescencen more similar filament morphologies. The average length,
was reached at approximately the same stoichiometry of number, and mass of filaments formed at a constant ARA
inducer to protein. For ARA, this ratio was 37.5 to 1 of concentration were plotted against total protein concentration
inducer to protein. For heparin, this ratio was 0.188 to 1 of and compared to three protein concentrations where the
inducer to protein. These results indicate that there is anoptimal molar ratio was maintained (Figure 5£&).
optimal ratio of inducer to protein. Below this ratio, the In the presence of a fixed concentration of ARA, the
concentration of inducer limits the reaction, and above this average filament length varied with changing protein con-
ratio, the concentration of inducer inhibits the reaction. For centrations. However, when the stoichiometry of ARA to
example, at 4M protein and 75M ARA, the concentration protein was kept constant, the average filament lengths were
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Ficure 3: Polymerization of tau in the presence of different molar
ratios of ARA. Tau polymerization reactions were performed at
various protein concentrations (6-8.0 uM, x-axis) for ap-

proximately 16 h. The concentration of ARA was varied along with
the concentration of protein to maintain (A) a limiting (18.75:1)
molar ratio, (B) an optimal (37.5:1) molar ratio, and (C) an
inhibitory (75:1) molar ratio of inducer to protein at each protein
concentration. The samples were measured using 1®.Si¢ht

y-axis) and ThSQ, left y-axis). The error bars represent the SEM.

Table 1: Predicted Lowest Concentration Required for Tau
Polymerization in the Presence of Constant Stoichiometries of
Inducer Molecules

arachidonic acid heparin
ThS LLS n ThS LLS n
limiting 1.45+0.10 151+0.10 4 0.09£0.04 0.41£0.06 4
optimal 0.40+0.11 0.60+0.10 3 0.26+0.04 0.47+0.05 4

inhibitory —0.20+ 0.18 —0.07+0.51 5 0.56+0.27 0.75:0.34 4
a All concentration values are inM + SD.

formed in the presence of a constant molar ratio of ARA

increased in a linear fashion with increasing protein con-
centration (Figure 5B and C). There was no linear relation-
ship between the number of filaments and increasing protein
concentration with the fixed inducer concentration (Figure

5B). The mass of filaments formed with the fixed inducer

concentration increased with a different slope than that of
the constant molar ratio (Figure 5C). These results confirm
that maintaining constant molar ratios of ARA with increas-

ing protein concentrations results in filament populations with

similar lengths.

Kinetics of ARA Induced Tau Polymerizati@ecause the
kinetics of a polymerization reaction can shed light on the
mechanism of polymerization, the increase in polymer
formation was monitored over time using ThS fluorescence
at different protein concentrations with optimal, limiting, and
inhibitory ratios of ARA (Figure 6). The resulting polym-
erization curves were fit by a simple one phase exponential
association equation

Y= Yma)é(l'e(_Kt)) (1)
where the amount of polymer increases from zerd/tex
with the rate constanK. The half time of the reaction is
0.69K. In each case, the half polymerization tintg, was
similar for all protein concentrations at a given ARA/tau ratio
(Figure 6E). The values fdf were also similar for all protein
concentrations at a given ARA/tau ratio (Figure 6F).
However K andt;,, were not the same for all ARA/tau ratios.
The inhibitory conditions had a significant reductiontip

(P < 0.0001) than that at optimal and limiting conditions,
which were not significantly differentR = 0.1432). This
information, when combined with the observation that
inhibitory conditions give more but shorter filaments than
optimal and limiting conditions, would suggest that the
mechanism for inhibition of elongation is through a great
increase in nucleation to the point that there are too few
monomers to participate in the elongation phase.

Kinetic analysis can also give information as to the size
of the nucleus of the polymerization reaction becauseat
different protein concentrations should be inversely propor-
tional to the (/2)-power of the total protein concentration
(wheren is equal to the size of the nucleud). However,
this analysis does not apply under these conditions because
t1» does not vary with protein concentration at constant molar
ratios of inducers. In fact, we attempted to fit our kinetic

The lines represent the linear regression analysis of the data tognalysis to a more rigorous mathematical model developed

obtain apparent critical concentrations for the polymerization for
Ths (---) and LLS €).

similar to each other at all protein concentrations tested
(Figure 5A). Both the number and overall mass of filaments

for the kinetics of action nucleation and polymerizati@s)(

drT,
G =KCm-T)

. (2)
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ends of the filaments, andis the concentration of polymer
-\‘m addition sites. The nucleation rate is calculated by the

- following equation:
0.0 01 02 03 04 05 06 0.7 0.8 09 1.0
Bin Size (um) dC

- _ + n-1 _
Ficure 4: Length distribution of tau filaments changes as a function dt Kn—lk (Tl) (Tl Tolo) 3)

of protein concentration. Representative electron micrographs taken
at 20,000« (the bar in E represents 500 nm and is applicable to all whereK,,_; is the association constant for the formation of

images) for polymerization reactions in the presence @fMARA nuclei, andn is equal to the size of the nucleus. Although
following approximately 16 h of polymerization are shown for ’ ;

several different concentrations of tau: (A) G:SI; (B) 1.0 uM; any p_artiqular concentration of protein can be fit by several
(C) 2.0 uM; (D) 3.0 uM; and (E) 4.0uM. The average mass combinations oK1, k*, andn, there should only be one
frequency distributions are shown for each of these concentrationssolution forn that allows all protein concentrations to be fit
and are plotted as the percent of the tOt_al m«':_lSS that one binsimu|taneous|y15)_ In our case, assuming that MIercept
representsytaxis) vs the center of the bin size-gxis). to a linear regression of the final extent of polymerization
where T; is the concentration of tau filament$; is the was equal toT;, and assuming that the amount of ThS
concentration of tau monomers; is the concentration of ~ fluorescence at apparent steady state was equal to the
monomer at apparent steady state (critical concentration),concentration of polymer (calculated by subtracting the
k" is the rate constant for the addition of monomer at the critical concentration from the total concentration), the size
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Ficure 6: Kinetics of ARA induction of tau polymerization. The kinetics of tau polymerization was followed with ThS fluorescence at a
constant molar ratio of (A) 37.5:1 (Optimal), (B) 37.5:1 (Optimal), (C) 18.75:1 (Limiting), and (D) 75:1 (Inhibitory) at 0.5, 1, 2, 3, and 4
uM tau ((—), individually labeled on graph). The data in A, C, and D were fit to a single phase exponential association equation to obtain
the values for (E})y, and (F)K. The data in E and F are the average valte3EM for all polymerization reactions that had final polymerization
values of more than 10 ThS units. The asterisks denote values that were significantly different from optimal conditions. The data in B was
converted to molar concentrations of tau using the assumptions listed in the Results and fit to equations derived for the kinetics of actin
nucleation and polymerizatior2®) usingn = 0, k'Kpy,e =5 x 107452 M~ (), n = 1, k'Kpye = 1.2 x 1 s2 M~ (+-++), andn = 2,

K"Knue = 3 x 107 s72M~4 (--=-).

of the nucleus that allowed all protein concentrations under ARA and heparin induction of tau polymerization. Neverthe-
optimal inducer conditions to be fit by the same parameters less, the variation of the stoichiometry of both inducers to

for K,—1 andk™ was zero (Figure 6B). protein affect the theoretical protein concentration required
Constant Molar Ratios of Heparin to Protein Result in for tau filament formation.
Linear Increases in Polymer Formatio8imilar results were Kinetics of Heparin Induced Tau Polymerizatiomhe

obtained using heparin as a regulatory molecule to induce polymerization of tau in the presence of heparin was
tau polymerization (Figure 7). Each of the three inducer to monitored over time using ThS fluorescence (Figure-8A
protein ratios (limiting, optimal, and inhibitory) gave linear C). In the presence of optimal, limiting, and inhibitory ratios
dose-response curves unlike the curves observed with of heparin, the estimate fdi, by fitting to eq 1 was very
constant concentrations of inducer (compare with Figure 1C). similar at the different protein concentrations. The rate of
Each inducer to protein ratio tested had a differeintercept polymerization estimated Ry, was similar for optimal and
value as determined by linear regression analysis of the ThSlimiting conditions, but unlike ARA, thé,, for the inhibitory
and LLS data. In stark contrast to the results with ARA, the conditions was actually increased compared to that at optimal
limiting ratio x-axis intercept was lower than that of the and limiting conditions (Figure 8D). When comparing the
optimal ratio, whereas the inhibitory ratio resulted in a higher estimated rate constants, limiting conditions had a lower
x-axis intercept for the theoretical protein concentration value for K, and the inhibitory condition was lower still
required for polymerization (Table 1). These important results (Figure 8E). The kinetics of polymerization was much slower
highlight that there are differences between the modes ofthan that observed with ARA (compare with Figure 6). This
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Ficure 7: Polymerization of tau in the presence of different ratios
of heparin. Tau polymerization reactions were performed at various
protein concentrations (0-54.0 uM, x-axis) for approximately 16

h. The concentration of heparin was varied along with the
concentration of protein to maintain (A) a limiting (0.094:1) molar
ratio, (B) an optimal (0.188:1) molar ratio, and (C) an inhibitory
(0.282:1) molar ratio of heparin to protein at each protein
concentration. The samples were measured using ®.Si¢ht
y-axis) and ThSQ, left y-axis). The error bars represent the SEM.
The lines represent the linear regression analysis of the data to
obtain apparent critical concentrations for the polymerization for
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Ficure 8: Kinetics of heparin induction of tau polymerization. The
kinetics of tau polymerization was followed with ThS fluorescence
at a constant molar ratio of (A) 0.188:1, (B) 0.094:1, and (C) 0.376:1
at 0.5, 1, 1.5, 2, 3, and 4M tau ((—), individually labeled on
graph). The data were fit to a single phase exponential association
equation to obtain the values for (B), and (E)K. The data in D
and E are the average valuesSEM for all polymerization reactions
that had final polymerization values of more than 10 ThS units.
The asterisks denote values that were significantly different from
those at optimal conditions.

for the nucleation of tau polymerization. However, because

result, combined with the differences observed in filament the t;;; did not show an inversely proportional relationship
morphology strongly suggests that heparin is not as efficient to the total protein concentration, this reaction still cannot
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. the total amount of protein (Figure 9A, inset), the dese

35 response curve was similar to those observed for LLS and

28 ThS (compare with Figure 3B). Theaxis intercept to a

15 linear regression of the data for polymerization was Gt08

£ o 0.05 uM in the presence of ARA. The concentration of
JRIEIENEIR monomer remaining in solution following heparin induced

0.08+ polymerization reactions increased with increasing protein

concentrations (Figure 9B). The plot of the concentration of

0.06+ . . .
{ [ polymer versus total protein concentration was linear and

o
=
Y
1
entration of Polymer (M)

e

e

=
Il
Cor

Concentration of Monomer (uM)

had anx-axis intercept to a linear regression ©0.80 +
3 0.70uM (Figure 9B, inset). The most important observation
. ¢ from this data is that in both cases the concentration of
unpolymerized monomer was not constant as the protein
concentration increased in the presence of a constant optimal
molar ratio of inducer to protein. These data call into question

2 3 4 5
Total Concentration (uM)

o
-

B 25 g3 the currently accepted model that thexis intercept of tau
_ B represents the critical concentration for polymerization.
2, ¢ Instead, our data indicate that tau polymerization in the
& £ presence of inducers does not have a true critical concentra-
g 00 ¢ tion for polymerization.
Y VIS Binding of ARA and Heparin to Taun order to better
s understand the mechanism for ARA and heparin induction
£ 101 of tau polymerization, the degree of binding of ARA and
g :[ heparin to tau filaments was measured using radiolabeled
S 05 ligands in a centrifugal assayl§ 26). As seen in Figure
{ 10A, no significant binding of ARA above background levels
. ¢ I could be detected. Heparin binding above background could
007 T T T T 1 be detected, but the degree of binding was very low
Total Concentration (M) (approximately 1 mol heparin bound per 20 mol of polym-

FIGUREO: Centrifugal analysis of monomer concentration following  €fized tau) (Figure 10B). These low levels of binding have
polymerization. The monomer remaining in solution following been interpreted in the literature as indicating that ARA and
polymerization reactions at various tau protein concentrations and heparin are not incorporated into the core of the filament
(A) an optimal (37.5:1) molar ratio of ARA or (B) an optimal (16, 26)

(0.188:1) molar ratio of heparin was separated from polymer via ’ '

centrifugation. The resulting samples were analyzed by silver

stained SDSPAGE using non-polymerized tau as a standard. The DISCUSSION

band intensities of the monomeric protein remaining after centrifu- . . .

gation were converted to concentratiopsikis) and plotted against ~ FOF @ny protein polymerization system, it is of fundamental
total protein concentration in the reactiosgkxis). The concentration ~ importance to understand the molecular mechanisms that

of polymer was calculated by subtracting the concentration of regulate the process. This is especially true of tau polym-
monomer from the total concentration. The concentration of erization because the formation of neurofibrillary tangles has

polymer {-axis) was then plotted against total concentration ( . . .
axis) in the insets in A and B. The data presented are the average@een correlated to neurodegeneration. The disruption of tau

of three independent triaé SEM. polymerization could therefore be a therapeutic target for
Alzheimer’s disease and other related dementias.

be considered to be a canonical nucleatiefongation Tau Has a High Energetic Barrier for Polymerizatiom.

reaction. the absence of inducer molecules, tau exhibits a very high

At Apparent Steady State, the Concentration of Unpoly- critical concentration for polymerization, both in vitrd)(
merized Monomer Does Not Remain Constant with Varying and in vivo @7), owing to its high solubility and high degree
Protein ConcentrationsTo further test the amount of Of disorder 6, 10). Our results confirm this observation, with
polymerization observed in the presence of inducers, ano tau polymerization observed at concentrations as high as
centrifugation assay was performed to determine the con-104M in a 20 h period (Figure 1). Because no spontaneous
centration of unpolymerized tau remaining at apparent steadynucleation is observed at these concentrations, tau polym-
state. The optimal ratios of protein and regulatory molecules €rization is very likely more complex than a simple linear
were employed to avoid the complication of limiting or Polymerization process. Because the rate-limiting step ap-
inhibitory conditions. The monomer was separated from the pears to be nucleation, tau polymerization has been hypoth-
polymer by ultracentrifugation over a 40% glycerol cushion. €sized to proceed via a nucleatieelongation mechanism
The concentration of monomer remaining was determined (4—9).
by silver stained SDSPAGE (Figure 9). The concentration Inducers Lower the Energetic Barrier of Tau Polymeri-
of monomer was not constant with increasing total protein zation.The polymerization of tau can be enhanced in vitro
concentration in the presence of ARA but rather decreasedthrough the addition of inducer molecules such as arachidonic
with increasing total protein concentration (Figure 9A). When acid (ARA) or heparin (reviewed ir3f). Our results agree
the concentration of polymerized of tau was calculated from with these studies, showing that the concentration of tau
this data by subtracting the concentration of monomer from required for polymerization is decreased in the presence of
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A Z: ARA compounds {, 11, 20—22, 28), our observations indicate
54 that tau does not exhibit a true critical concentration for
41 —’7 polymerization in the presence of inducer molecules.
4 Kinetics of Tau Polymerization Is Not Consistent with a
1 Nucleatior-Elongation MechanisnThe kinetics of a nucle-
§ E ation—elongation polymerization reaction has the general
2 -2 features of a lag phase, followed by an increase in polym-
é 'j: erization to an apparent steady state. The analysis of the
= 5 J_ kinetics of polymerization in the presence of inducers is best
j: fit by a single phase exponential association equation, without
-8- a lag phase due to nucleation that would indicate a critical
_1'3: concentration for polymerization. Thg, for the polymer-
A1 . . . . ization process does not change with increasing protein
: 25 3 3.5 4 concentrations but is rather affected only by the change in
Total tau (uM) the inducer to protein ratio. Additionally, fitting the kinetic
B o0.10- Heparin data to established models for polyr_nerization indica'tes }hat
0.004 T the size of the nucleus for the ARA induced polymerization
0.08 reaction is zero, indicating that there is no thermodynamic
007 barri.er.for the nucleation of polymgrization i.n Fhe_ presence
S oos. -l- T of this mducgr. T_her(_afore, our kinetic ana.ly3|s indicates that
e tau polymerization in the presence of inducers does not
= 0% follow the hallmarks of a nucleatierelongation reaction.
g 004 Concentration of Inducer Molecules Can Alter Tau Fila-
£ 003 T ment Morphology The amount of tau polymerization ob-
0.021 served was dependent on the concentration of inducer
0.014 molecules (Figure 2). At low concentrations, the inducers
o.oo--T limit the amount of polymerization because the addition of
00— - T - T more inducer molecules results in greater protein polymer-

ization. There is a peak in protein polymerization at an
o Total Tau (M) _ optimal ratio, and inducer concentrations greater than this
Ficure 10: Binding of ARA and heparin to tau filaments. The  gptimum inhibit the reaction (Figure 2). In the inhibitory

amount of radiolabeled ligand that co-sedimented with tau filaments regime, the morphology of the filaments is also altered

following centrifugation was determined for (A) 781 ARA and S .
(B) 0.3764M heparin in the presence of various concentrations of '€sulting in smaller oligomers of tau that do not have the

tau. The amount of radiolabeled ligand that was detected following axial ratio that would indicate they are truly fibrillar (Figure
the centrifugation of an assembly incompetent form of tau (1277,- 4). It has been suggested that these structures are intermedi-

308P) was subtracted from the values. The data represent thregytes in the polymerization procesd).(However, our results
independent trials: SEM. indicate that these structures are generated as a result of high
ARA and heparin (Figure 1). The addition of inducers, inducer concentrations rather than as an intermediate in the
therefore, reduces the energetic barrier for polymerization. formation of longer fibrils. This conclusion is supported by
However, the mechanism for tau polymerization in the the polymerization of tau into long fibrils even at very low
presence of inducers is not consistent with a canonical protein concentrations when the inducer concentration is also
nucleation-elongation model. kept low (Figure 5). The smaller oligomers generated at high
Tau Does Not Exhibit a True Critical Concentration for inducer concentrations are instead the end product of a
Polymerization in the Presence of Inducer Molecul&s second polymerization pathway in which there is a great deal
major feature of a nucleatierelongation mechanism for  of nucleation but little elongation. This is of particular interest
polymerization is a critical concentration for polymerization, because similar structures, termed granular tau oligomers,
that is, a concentration of protein below which no polym- have been detected in early stages of Alzheimer’s disease
erization is observed because of the thermodynamic barrier(29). It has also been suggested that these oligomers likely
of nucleation. In the presence of inducers, this predicted represent a more toxic form of amlyoidogenic proteins in
concentration is zero under several polymerization conditions. vivo (30). It is therefore possible that the specific cellular
The apparent critical concentration observed under otherconditions and the availability of inducer molecules could
conditions can be different depending on the method chosenalter the morphology and perhaps toxicity of tau filaments
for detecting tau polymerization and the concentration of in vivo.
inducer molecules (Table 1), indicating that these values are Inducers Act as Allosteric Regulators of Tau Polymeri-
most likely the limit of detection of polymerization for that  zation In several protein polymerization systems, including
particular method. The concentration of monomer remaining actin, the classic nucleatierelongation mechanism can be
in a reaction following polymerization is not constant, altered by the addition of small molecules such agtpat
preventing the designation of a critical concentration (Figure allosterically regulate polymerization. In these systems, the
9). Although the critical concentration of tau polymerization small molecules interact with the proteins and change their
in the presence of inducers is routinely employed to estimate conformation such that the proteins then have a higher
the extent of tau polymerization, assess the effects of theaffinity for one another and the polymerized state, although
modification of tau, and evaluate the effects of inhibitory they do not need to remain bound after polymerization has
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been initiated 12). The general features of this regulation in AD alone is sufficient to drive its aggregatiod4 45)
are (1) the lowering of the concentration of the protein without the need for inducer molecules. An alternative
required for polymerization in the presence of the regulatory explanation for the difficulty in identifying inducer molecules
molecules, (2) the dependence of the required concentrationin AD is suggested by our current research. Our data strongly
for protein polymerization on the concentration of regulatory suggest that ARA and heparin are acting as allosteric
molecules, and (3) a conformational change that accompaniegegulators of tau polymerization. In many cases, such as the
the increased propensity for polymerization. ARA and polymerization of actin, the allosteric regulator can be
heparin lower the concentration of protein required for removed without disrupting the structure of the polyn#ks)
polymerization, and this concentration of protein required It is possible that once polymerization has been initiated by
depends on the concentration of inducer. A change in an allosteric regulator in AD, it is no longer required for the
conformation can also be detected in the presence of inducerstability of the polymer and does not remain bound.
by the formation ofs-structure in tau and may occur prior ConclusionsOur data indicate that ARA and heparin are
to the formation of tau filaments7( 31, 32). Additionally, allosteric effectors of tau polymerization and that polymer-
tau polymerized in the presence of ARA adopts a conforma- ization is inhibited by high concentrations of inducer. These
tion that is recognized by the conformationally sensitive data indicate that even low levels of inducer reduce the
antibody Alz50 with an approximately 14-fold increase in protein concentration required for tau polymerization. High
affinity over that of the monome®j. These results strongly  levels of inducer antagonize the process and result in the
suggest that ARA and heparin are acting allosterically to formation of short polymers, which may be more toxic than
regulate the polymerization of tau. However, the levels of longer fibrils. Importantly, our data indicate that tau does
ARA and heparin binding to polymerized tau filaments are not follow a true nucleationelongation pathway for po-
very low. This has been interpreted as ARA and heparin lymerization in the presence of inducer molecules. Instead,
serving only as sources of nucleation and that they are notthe critical concentration for polymerization in the presence
incorporated into the core of the filament$6( 26). If, of tau as documented previousl§, (1, 20—22, 28) is more
however, ARA and heparin are serving as allosteric regula- likely due to the limitations of the detection of filament
tors of tau polymerization, it is not a requirement that they formation. The current results indicate that the inducers are
remain bound after the initiation of polymerizatiof?], acting as allosteric modulators, both as activators at low
which could provide an alternative explanation for their low concentrations and inhibitors at high concentrations.
degree of binding and is consistent with an allosteric
regulation of tau polymerization. It should be noted that ACKNOWLEDGMENT
heparin molecules can differ by polymer length, which could  \ye thank Dr. Audrey Lamb for the critical reading of the
affecf['the st_ochpmetry of binding and optimal inducer manuscript during its preparation.
conditions. Likewise, ARA has been shown to be affected
by oxidation 33), which could also affect the stoichiometry REFERENCES
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