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ABSTRACT: Physical properties, including amyloid morphology, FTIR and CD spectra, enhancement of
Congo red absorbance, polymerization rate, critical monomer concentration, free energy of stabilization,
hydrophobicity, and the partition coefficient between soluble and amyloid states, were measured for the
tau-related peptide Ac-VQIVYK amide (AcPHF6) and its single site mutants Ac-VQIVXK amide (X

Cys). Transmission electron microscopy showed that 15 out of the 19 peptides formed amyloid in buffer,
with morphologies ranging from straight and twisted filaments to sheets and rolled sheets. Using principal
component analysis (PCA), measured properties were treated in a comprehensive manner, and scores
along the most significant principal components were used to define individual amino acid amyloidogenic
propensities. Quantitative structaractivity modeling (QSAM) showed that residues with greater size
and hydrophobicity made the largest contributions to the propensity of peptides to form amyloid. Using
individual amino acid propensities, sequences within tau with high amyloid-forming potential were
estimated and found to includ@®AVVR 230 in the proline-rich regionZ’%/QIINK 280 (PHF6*) and
308/QIVYK 31 (PHF6) within the microtubule binding region, affIVYK 3°5in the C-tail region of the
protein. The results suggest that regions outside the microtubule-binding region may play important roles
in tau aggregation kinetics or paired helical filament structure.

The deposition of insoluble protein deposits are charac- suggest the presence of a high relative abundance of
teristic of over 100 human diseases, including familial j-structure(10—16). Although it was long believed that all
amyloidosis, type Il diabetes, and numerous neurodegeneraamyloid existed as-315 nm wide straight unbranched fibers,
tive diseases, including transmissible spongiform encepha-more recent evidence, from our laboratory and others,
lopathies, Alzheimer’s disease (Atand Parkinson’s disease  suggests that amyloid may exist as twisted filaments, flat
(1-6). These deposits, named amyloid because they, likeand rolled sheets, or spherical or annular parti¢l€s-23).
the polysaccharide amylose, bind iodine, display a yellow- Hence, diverse morphodologies exist for amyloid, and a wide
green birefringence when stained with Congo red (CR) and variety of methodologies have been used in the past to
a characteristic fluorescence when stained with thioflavin characterize it.
dyes(2, 7-10). In addition, amyloid is frequently character-  pestabilization of the native conformation brought about
ized by its crosg X-ray diffraction pattern and by its by mutations or denaturing conditions of the media has been
infrared (IR) or circular dichroism (CD) spectra, all of which - shown to induce globular proteins, some not normally
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1 Abbreviations: PHFs, paired helical filaments; NFTs, neurofibril- Spots” nucleate amyloid formation in globular and nonglobu-
lary tangles; FTDP-17, frontotemporal dementias with Parkinsonism |ar proteins(3, 31—43). We refer to such sequences as

linked to chromosome 17; AD, Alzheimer’s disease; MTBR, micro- « : "
tubule binding region of tau protein; R2, R3, or R4, the second, third, hucleating sequences” because they generate centers that

or fourth repeat motif of the tau microtubule binding region; 3R, 4R, Can help seed amyloid and regulate its rate of forma(tin
tau protein or peptides containing three or four repeat regions; HFIP, 27, 40, 43). Studies of short amyloidogenic peptides ho-
hexafluoro2-propanol; MOPS, 3{morpholino]propanesulfonic acid; mologous to these sequences suggest that amphiphilic motifs

ThS, thioflavin S; TFA, trifluoroacetic acid; Ac, acetyl group; CR, I : C .
Congo red; RTSs, retention times; TEM, transmission electron micros- O" z-stacking interactions of aromatic side chains play a

copy; MALDI-TOF MS, matrix assisted laser desorption/ionization ~Crucial role in amyloid formatiorg3, 16, 32, 37—54).

mass spectrometry, ESI, electrospray ionization, PCA, principal 13, j5 a microtubule-associated protein that regulates
component analysis; PLS, partial least squares; QSAM, quantitative

structure-activity modeling; LVs, latent variables; PHFEVQIVYK 31 microtubule stability, neurite growth, and other microtubule-
PHF6*, 275/ QIINK 280, dependent functions. The human protein exists as six
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isoforms, consisting of an acidi-terminal with up to two containing 0.15 M NaCl were incubated at room temperature
29-amino acid inserts, a proline-rich region, and a basic for at least a week. Samples were loaded onto carbon-coated
microtubule-binding region (MTBR) containing either three Formvar copper grids (200 mesh) and stained with 2% w/w
or four tandem 31 (or 32) amino acid pseudo-repeats uranyl acetate. A JEOL 1200 EX scope interfaced to a digital
(R1-R4) (55—-59). In individuals with AD, phosphorylation =~ camera was used to visualize samples.
of the protein leads to its dissociation from microtubules  Fourier Transforms Infrared (FTIR) SpectroscofyTIR
and results in its aggregation into paired helical filaments spectra of peptide samples (10 mg/mL igincubated for
(PHFs), which make up neurofibrillary tangles (NFTs), a 2 days) were acquired as described previo(a). Spectra,
hallmark of AD pathology(60, 61). Although recombi- displayed as 100%, were smoothed and baseline corrected
nant tau and tau isolated from microtubule preparations areand then fit by Gaussian functions using nonlinear decon-
largely unstructured, aggregated forms of the protein dis- volution software (Peakfit, Systat, Richmond, CA). The ratio
play physical characteristics of amyloid, including a crgss- of the area of amide | bands between 1600 and 1640 cm
X-ray diffraction pattern(62—64). Nucleating sequences to the total area between 1600 and 1700 tmas used as
21YQIINK 28YPHF6*) in R2 and®*®%/QIVYK 3YPHF6) and an indicator of the fraction of-sheets preser{f2—75).
SUDLSKVTS*®in R3 have been identified, and it has been  Far-UV CD SpectroscopyPeptides were dissolved in
shown that one or more of these sequences aid in filamentpuffer A (~1 mg/mL), and the concentrations were deter-
formation (35, 56, 65). mined by absorbance using published molar extinction
The goal of the present study was to formulate a model coefficients(16, 76, 77). Stock solutions were diluted 1:4
in which the chemical properties of amino acid residues with buffer and left to age at room temperature for at least
substituted at a single site in the PHF6 structure (VQIVXK, 4 days. Far-UV CD spectra were acquired as previously
where X is the substituted residue) could be correlated to described16), using a 0.2-mm-path cylindrical cell (Starna,
the propensity of each peptide mutant to form amyloid. 31-Q-0.2) in an AVIV 202 CD spectrophotometer. The
Principal component analysis (PCA) was used to formulate CD results used in PCA modeling were expressed as the
a characteristic response for each peptide by treating a setatio of mean residue ellipicity at 215 nm to that at 192 nm
of measured parameters in a comprehensive manner. Quan ©]mr(215 nm)/P]m:(192 nm)).
titative structure-activity modeling (QSAM), an approach Congo Red (CR) Bindingamples{1 mg/mL) in 20 mM
similar to that used to correlate structural parameters to MOPS buffer containing 0.01% NaMt pH 7.2 (buffer B)
biological activity (66—69), showed that the size and were left to incubate at room temperature for at least one
hydrophobicity of the residue side chains made the greatestweek. The samples containing-60 uM peptide and %M
contribution to propensity. Individual amino acid propensities CR were prepared by diluting the stock solution. The
were extrapolated from the model and used to estimate theabsorbance at 540 nm was measured as a function of peptide
amyloidogenic propensities of sequences within the tau concentration, and the 540 nm absorbance of @\8%eptide
protein capable of amyloid formation. The model predicted sample was used as an indicator of amyloid formagias
that nucleating sequences occur throughout the protein but32, 47, 63, 78, 79).
that sequences having the greatest amyloid-forming potential Kinetic Analysis.Polymerization kinetics was measured
occur in the proline-rich region preceding the MTBR, within by monitoring the increase in thioflavin S (ThS) fluorescence

the MTBR, and in theC-terminal region. at 490 nm (440 nm excitation) in a manner similar to that
used to follow the aggregation of other amyloid-forming
MATERIALS AND METHODS peptides and proteind.0, 16, 80—82). For each peptide, a

. . . . . 1 mg/mL sample stock solution was filtered through a
Peptide Synthesis. -tlcetyl pep“‘?'e amides with the Millipore Ultrafree-MC 100,000 NMWL filter unit (Billerica,
sequence Ac-VQIVXK-NH, where X is one of 19 naturally MA) by centrifuging for 10 min at 14 500 rpm, using an
occurringL-amino acids (omitting Cys to prevent complica- Eppendorf MiniSpin plus benchtop centrifuge ,(Westbury,

tions due to disulfide bond formation), were prepared by \y) |mmediately after centrifugation, three 2@ aliquots
solid-phase peptide synthetic methods according to previ- ot yhis solution were pipetted into wells of a 96-well clear-
ously published procedures and purified by reverse-phasey, iom ELISA plate containing 166L of buffer B, 20 L
HPLC using a w_atefacetonitrile gradienf16, 70). Purity_ of 1 mM ThS (final concentration of 100M) an’d a 1/8
was checked using ESI.'MS or MALD'TTOF MS', Peptld.e inch PTFE grade 2 polished mixing bead (Orange Products,
mixtures were prepared in a similar fashion, replacing X with - ajientown, PA). Fluorescence data were collected in kinetic
a mixture of _amino acids that yielded_equimolar concentra- g qe using a Molecular Devices SPECTRA Max Gemini
tions of peptide¢/1). A total of 18 amino acids were used  ypg ghecirofiuorimeter (Sunnyvale, CA), with measurements
in the mixture (leucine is isobaric to isoleucine and, therefore, taken at either 30 s or 10 min intervals, mixing between
was left out). Desalting of the mixture was carried out in a readings. A blank containing 186 of buffe,r and 2QuL of

C18 Strata cartridge (Phenomenex, Torrance, CA) equili- 1 1\ Ths was recorded in triplicate. Kinetics data, corrected
brated with water. A 10 mg sample in 15Q of HFIPwas ¢4 the plank, were fit using a nonlinear least-squares
loaded onto the cartridge, and the cartridge was rinsed with algorithm to a Gompertz growth cur(83) (eq 1)

water containing 0.1% v/v TFA and the sample eluted with

10 mL of 50% acetonitrile/50% water containing 0.1% v/v -1

TFA. y= aefe(T) (1)
Transmission Electron Microscopy (TEM)yophilized

peptides (1 mg) dissolved in 1 mL of 5 mM MOPS wherey is defined as the fluorescence signal at titng

containing 0.01% Napat pH 7.2 (buffer A) or in buffer A corresponds to the inflection point of the curve, that is, the
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time of maximum growth ratea is the maximum fluores-
cence observed for a given sample, dng 1/k wherek is
the rate constant of aggregation, in units of.4d.ag times
were calculated as— b. Standard errors in fitted parameters

Rojas Quijano et al.

samples were dissolved in 3@Q of 50% HFIP/50% water
and stirred fo 2 h to allow for the formation of the
monomeric species in solution. Ten milligrams‘t-OMIU

was then added to the supernatant fraction, and 10 mg of

were estimated assuming a 10% error in the sum of the >N-OMIU was added to the pellet fraction. To both the

squares.
Critical Monomer Concentration (CC).¥periments were

supernatant and the pellet fractions was added«500f
diisopropylethylamine (DIEA), and the solutions were stirred

carried out in the same fashion as the kinetic analysis, with overnight. The HFIP and DIEA were then evaporated using

the following modifications. Samples of 28.00uM peptide
in buffer B containing 100uM ThS were prepared in

a nitrogen stream. Finally, the fractions were recombined
and lyophilized prior to MS analysis. The peaks for each

triplicate and allowed to reach equilibrium. The fluorescence peptide in the LC-MALDI spectra were integrated, and the
was plotted as a function of peptide concentration and thenratio of the area of the peak for the peptide containing

fitted using a linear regression. Thentercept of the curve
was taken as the CC required to initiate polymerization.
Denaturation StudiesA preincubated X2 days) peptide
stock solution (2QiL of 1 mg/mL) was added to a series of
solutions containing 100M ThS in 100-160uL of buffer
B. The solutions were incubated for-B days at room
temperature in a covered 96-well microplate. HFIP was
added (6-60 uL), and the plate was incubated at room
temperature for 24 h prior to fluorescence measurements.
Following the subtraction of a blank containing only ThS,
the fraction of the monomeric (unfolded) peptidg) (vas
calculated using published procedur@sl). The AG® of
unfolding (stabilization) was calculated according to

()

whereKeq = /(1 — f,). Curves were then fitted to a linear
regression, where theyr intercepts were taken as the free

AG{calimol)= — RTIn (K,

15N-homoarginine to the area for the peptide containing
MN-homoarginine was used in the calculation of the partition
coefficient.

LC-MALDI Analysis of Peptide Mixture€omponents of
differentially labeled peptide mixtures were prepared using
0.05% (v/v) TFA in 5% acetonitrile and separated by reverse-
phase capillary HPLC using a C18 Pepmap 100 column (3
um), as previously describg@6). The fractions were eluted
with a flow rate of 5uL/min using a linear gradient
(5—80%) of water and acetonitrile (each containing 0.05%
v/iv TFA) delivered to an online AccuSpot LC-MALDI
spotting robot system (Shimadzu Corp., Kyoto, Japan) and
mixed with a saturated solution of a cyano-4-hydroxycin-
namic acid prepared in 50% v/v acetonitrile acidified with
0.1% v/v TFA. MALDI-TOF mass spectra were acquired
on an AXIMA CFR instrument (Shimadzu Biotech, Manches-
ter, U.K.), as describe(B6).

Principal Component Analysis (PCAJor PCA, the data

energies required to disaggregate the amyloid without the were arranged in a 19 10 matrix, where rows represent

addition of any denaturan?AG,,(H20)).

HPLC Retention TimesThe retention times for all pep-
tides (~1 mg/mL in 50% acetonitrile/50% water (v/v) or
50% HFIP/50% water (v/v)) were determined on a 2560
4.6 mm C18 column (Alltech Adsorbosil, Nicholasville, KY)
using a linear gradient (8100%) of water and acetonitrile
(each containing 0.1% TFA) over 30 min at a flow rate 1
mL/min.

Synthesis of O-Methylisourea (OMIU)he preparation of
OMIU was carried out according to published protod85)
using urea (1 g; Fluka, Buchs SG, Switzerland}¥t-urea
(1 g; Cambridge Isotope Laboratories, Andover, MA). The
identity of the product was confirmed b4 NMR (270
MHz); ppm: 2.35 (s, methyl group in the aromatic ring),
3.94 (s, methoxy group), 7.5 (dd, para aromatic ring). The

tosylate form of the compound was converted to its chloride F

form by passing the material down a DOWEX-1 ion
exchange column (2.5 (IDx 8 cm at 4 mL/min with DI
water).

Guanidination Modification of the Peptide& sample of

each of the peptides studied, and the columns are the
measured variables, including the C®{[4(215 nm)/P]w:-

(198 nm)), the absorbance of Congo red at 540 nm and 35
uM peptide (A540), the FTIR intensity ratio A(1660.640

cm 1)/A(1600-1700 cn1?), the measured rate constant for
amyloid aggregationk}, AG;(H20) (DelG), the critical
monomer concentratiorCC), the log of the lag timel(T),

the HPLC retention timeRT), coded results for the TEM
(TEM), and the partition coefficient of the peptide extrapo-
lated from the LC-MALDI datal(lCM9 (eq 3).

mfco  asi0 R Kk pels cc LT RT TEM Lows
A 021 7.48 3.98 0.62 2984 458 350 146 1 0.0
D |026 825 850 ND ND ND ND 139 1 0.0
E |025 773 079 ND ND ND ND 143 1 0.56
—0.27 12.82 198 5.65 1820 290 2.00 17.7 1 3.7p
. . . . . . . . . 0 0.0 é
(

Here AA represents the one letter amino acid descriptor code

the peptide mixture (5.3 mg) was suspended in 1.5 mL of X in the sequence Ac-QVIVXK-NK and ND indicates that

buffer B, and the solution was left to incubate at room
temperature for 45 days to allow for amyloid formation.
The sample was then transferred to an 134 mm
polyallomer centrifuge tube (Beckman, Palo Alto, CA) and
centrifuged at 55000 rpm for 30 min using a TL-100
Tabletop Ultracentrifuge (Beckman) equipped with a TLS-
55 swinging bucket rotor. (The volume of the sample had

no data could be obtained because the peptide did not form
the amyloid as detected by that particular measurement.
Because ND is not really missing data but is real data that
could not be measured in the experimental time period, it
was assigned values that were physically reasonable yet set
apart from values observed for other mutants. For example,
the ND value for rate constaktwas assigned a value of 0

to be adjusted to 2.2 mL with buffer.) The supernatant and because the rate of aggregation was so slow that it could

pellet fractions were modified with OMIU using a slight
modification of published procedure@6). Lyophilized

not be observed in a reasonable time frame, whereas the ND

value for AG; (H20) was assigned a value 62000
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cal/mol because a negativeG°® implies that equilibrium - /]
favors a nonaggregated state. Other assigned values for ND.. | a
were 100uM for CC and 100 000 s for LT. TEM results R
were coded as 1, indicating the presence of amyloid, or as
0, indicating that no amyloid of any morphology was R
observed. Data were mean-centered and autoscaled to unit
variance and analyzed by PCf87). Score plots were
constructed from the two most significant components, and
the projection onto PC1 was taken as the amyloidogenic N
propensity of amino acid residue X. AcVQIVDK . 8800 om

Amyloidogenic Propensities of Tau Sequendd® se- I !*“4‘" Y A
quence of full-length human tau protein was searched for & ,,@_‘ B S5
motifs that conformed to a polar residue followed by a series P?! ;,,J- CEQ §
of hydrophobic residues. The amyloidogenic propensity of =¥ o X
the sequence was defined as the sum of absolute values of & ¢ :
individual residue PC1 scores.

QSAM.In QSAM, a set of structural variable¥, are
related to measured propertiés, according to

Y=XB+F @)

where matrixB is composed of the partial least-square (PLS) \f

regression coefficients, arfeis the error matrix following \A R4
the projection ofX and Y onto latent variables (LVSs) : ) : %y
(66—69). Structural descriptors for the mutant amino acids, ¢ Sl e
71—7s, were used to modeX and were taken from the data \‘ D i g &
of Sandberg68). Scores along PC1 calculated from PCA ! ' g .
were used foly, the representation of measured observables. \.
The correlation coefficientR?) between the predicted and : i
actual values of; was used as a measure of fit¥fto Y in AcVQIVIK \ oo AcVQIVQK

the set of samples upon which the model was built (calibra- :
tion set). Full leave-one-out cross validation was used to FIGURE 1: TEMs of amyloid formed from AcPHF6 and single-
determine the optimum number of LVs. The sum of the Sit¢ mutants. Samples were prepared from aged peptidés (

: o : . mg/mL) in 5 mM MOPS at pH 7.2 and negatively stained with
residual squares for each block of missing data is defined as,q, uranyl acetate. In the absence of added NaCl, ACVQIVDK and

the predictive residual sum of the squares (PRESS) and isacyQivPk amides formed laterally aligned filaments ((a) and (d)),

related toQ?, the cross validation equivalent & (69). AcVQIVEK amide formed rolled sheets (b), and AcVQIVNK
PCA and PLS modeling were carried out using MATLAB amide formed twisted fibers (c). In the presence of added

(Mathworks, Inc., Natick, MA) along with PLS_Toolbox 0.15 M NaCl, AcVQIVLK amide formed twisted fibers (e) and

. AcVQIVQK amide formed rolled sheets (f). A summary of amyloid
(EigenVector Research, Inc., Manson, WA). morphologies formed from these and other mutants is given in

500 nm

RESULTS Table 1.
Characterization by TEMACPHF6 (Ac-VQIVYK amide) filaments were observed for the Asn mutant in the absence
and single-site mutants (Ac-VQIVXK amide, where = of NaCl, whereas rolled sheets were observed in its presence.

Cys) were studied by TEM. The peptides were incubated at No amyloid was observed for the Asp, Glu, His, Lys, or
least 7 days in 5 mM MOPS at pH 7.2 (0.01% NjxhNuffer Arg mutants in the presence of NaCl. Twisted filaments with
alone, or in buffer containing 0.15 M NaCl, prior to morphologies slightly different from those of PHFs were
microscopy. Micrographs for some of the peptides are shownobserved for the Leu, Thr, and Trp mutants under these
in Figure 1 and morphologies observed under both sets ofconditions.

incubation conditions are summarized in Table 1. In the FTIR of PeptidesThe amide | region of the IR spectra
absence of NaCl, amyloid formation was observed with all are shown for four of the mutant peptides in Figure 2 along
peptides except for the His, Gly, Lys, and Arg mutants. with best-fit Gaussian bands obtained by spectral deconvo-
Abundant straight filaments were observed for AcCPHF6 and lution. Bands characteristic @gFsheet secondary structures
the Asp, Phe, Met, Val, and Trp mutants, whereas less (1600-1640 cm?), were observed for all of the peptides
abundant filaments were observed for the Ala, Pro, Ser, andstudied. In addition, some of the peptides showed substantial
Thr mutants. Rolled sheets were observed for the Glu, lle, intensities between 1640 and 1660 ¢mcharacteristic of
and Leu mutants. Twisted filaments were observed for the random-coiled or helical structures. The ratio of integrated
Asn, GIn, and Thr peptides, which were similar in width intensities of the bands between 1600 and 1640'gsiative

but had longer half-periodicities than PHFs formed from tau to the total integrated intensity was used to estimate the
protein @ ~ 20 nm,p ~ 80 nm) 66, 60). In the presence of  fraction of g-structure present in each of the peptides, and
NacCl, all peptides except for AcCPHF6 and the Thr mutant these values are summarized in TableAZ ¢ho-1640fAcota)-
displayed morphologies that differed from those observed On the basis of these data, the Asp and Lys mutants are
for the same peptides in its absence. For example, twistedpredicted to have less than 50%structure, whereas
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Table 1: TEM Results for AcVYIVXK Peptides

mutant buffet buffer+ NacCl
Ala sparse straight filaments abundant straight filaments
(d=13+2) (d=12+2)
Asp abundant straight filaments none
(d=34+19)
Glu rolled sheets none
Phe abundant straight filaments abundant straight filaments
d=12+1) (d=19+3)
Gly none sparse straight filaments
(d=29+6)
His none none
lle rolled sheets sparse straight filaments
(d=24+4)
Lys none none
Leu rolled sheets sparse twisted filaments
(d=20+4,p=129+ 19)
Met abundant straight filaments sheets
d=27+12)
Asn twisted filaments rolled sheets
(d=21+3,p=131+21)
Pro sparse straight filaments rolled sheets
d=8+t2)
GIn twisted filaments rolled sheets
(d=27+10,p= 189+ 18)
Arg none none
Ser sparse straight filaments ~ abundant straight filaments
(d=19+3) (d=15+3)
Thr straight and twisted filamentstwisted filaments
(d=27+4)p (d=45+8,p=276+52)
Val abundant straight filaments sparse twisted filaments
(d=15+2) (d=22+6,p= 156+ 27)
Trp abundant straight filaments abundant straight and twisted
(d=19+4) (d=20+5,p= 156+ 25)
Tyr abundant straight filaments abundant straight filaments

(ACPHF6) (d=8+ 1) (d=17+4)

a Diameter (l) and periodicity p) measurements given in nm. The
number of measurements ranged from 10 to’3the periodicity was

Rojas Quijano et al.

substantial but variable contribution to the observed ellipticity
in the far-UV region 90, 91). The CD spectra for AcCPHF6
and some of the mutant peptides in 5 mM MOPS at pH 7.2
are shown in Figure 3a. Spectra with a strong positive band
below 200 nm and a negative band at approximately 215
nm, similar to those observed for AcPHF6 and the Val, Phe,
and Trp mutants, are characteristic of peptides Wigheet
conformations in solution9Q). However, spectra observed
for the remaining mutants in the Figure display a negative
band extending from about 220 nm to below 200 nm and
are typical of peptides in a random-coil conformation.

We used the ratio@ur(215 nm))/Ewr(192 nm)) as a
descriptor of the observed CD spectrum and this data is
summarized in Table 2. Peptides with a CD spectrum
characteristic off-sheets have a negative ratio, whereas the
ratio is positive for those peptides that have a CD typical of
a random coil. AcPHF6 and the Phe, lle, Met, GIn, Val, and
Trp mutant peptides had negative values @fwk(215
nm))/©ur(192 nm)), suggesting that they have a large
fraction of g-structure in solution. Although the sign of
(®Mr(215 NM))/EWr(192 NmM)) is indicative of the type of
CD spectra, its magnitude is not meant to be a quantitative
estimate of the fraction gi-structure present. For example,
a larger negative ratio is calculated for the GIn mutant
(—1.68) compared to that for the Val mutant.66),
although the absolute intensities of the 215 and 192 nm bands
appeared larger in the case of the Val mutant, suggesting
that a larger fraction of this mutant assumeg-aheet
configuration.

In HFIP, peptides that form amyloid in aqueous solution

not measured because only one crossover was observed for all filamentsbecome soluble and no longer bind to CR or thioflavin dyes,

0 J
Wavenumber (cm-1)

Ficure 2: IR spectra in the region of the amide | bands for amides

AcVQIVPK (a), AcVQIVKK (b), AcVQIVSK (c), and AcVQIVIK

(d). The spectra were acquired for the peptides dissolved, D

The band appearing between 1668 and 1672amises from the

TFA in the sample. Spectra were fit using Gaussian bandwidths.

AcPHF6 and the Ala, Glu, Phe, His, lle, Leu, Met, GIn, Thr,

and spectroscopic studies suggest that they are induced into
random-coil oro-helical conformations92—94). Figure 3b
shows the CD spectra of some of the peptides in 100% HFIP.
AcPHF6 and the Trp, Phe, and Val mutants, all of which
displayeds-sheet type spectra in aqueous buffer, displayed
negative shoulders between 217 and 222 nm and strong
negative bands below 200 nm in HFIP, characteristic of
peptides in random-coil conformations.

Congo Red BindingFigure 4a illustrates the changes in
the 540 nm absorption band of CR with increasing concen-
tration of AcCPHF6. Changes in the 540 nm absorbance with
increasing peptide concentration, at a constant CR concentra-
tion (5 uM), are shown for some of the peptides in Figure
4b. Compared to the Asn, Asp, and Lys mutants, greater
changes in absorbance with increasing peptide concentration
were observed for AcPHF6 and the Met and Val mutants.
These changes likely reflect the greater amounts of amyloid
contained in the stock solutions-{ mM) from which these
samples were prepare@4, 32, 47, 78, 79). We used the
absorbance at fixed peptide and CR concentrationg{85
peptide and &M CR) as a semiquantitative measure of the
amount of amyloid present in the remaining peptides, and

Val, and Trp mutants are predicted to have greater than 75%the results are summarized in Table 2. With the exception
p-structure. Because of the presence of a high-frequency bangf the GIn mutant, the same mutants associated with high

(>1680 cmY), the Lys, Pro, Asp, Arg, GIn, and Met mutant
peptides possess a measurable fraction of antipgfadibéet
structure 13, 72—75).

Far-UV CD of PeptidesCD has been used in the past to
estimate the fraction of secondary structure in prote@®s (

CR absorbance values>12) were also found to have
negative values of@ur(215 nm))/@ur(192 nm)).

Kinetics of Amyloid Aggregatioifhe enhancement of the
fluorescence at 490 nm, due to the binding of ThS to
amyloid, was followed as a function of time for all peptides.

89). Similar methods have not been used for peptides becauséHowever, only AcCPHF6 and single-site mutants containing
bands arising from the aromatic side chains can make aAla, Met, Val, Phe, lle, Trp, Leu, GIn, and Asn showed an
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Table 2: Parameters Measured for Mutants of AcPHF6

retention LC-MS
@MR(Z].S nm)/ As40 X 1% A(160&164ol k]_ x 10° CcC Iag time AGﬁnf(Hzo) time partition
mutant Owr(192 nm)  (35uM) Atal (s™ (uM) (s) (cal/mol) (min) coefficients

Ala 0.23 7.48 0.81 0.62-0.01 4.6+£2.2 3037+ 147 2984+ 380 14.6 0.00
Asp 0.30 8.25 0.50 ND ND ND ND 13.9 0.00
Glu 0.41 7.73 0.84 ND ND ND ND 14.3 0.57
Phe —0.36 12.82 0.77 5.60.2 29+ 1.0 99+ 10 1820+ 269 17.7 3.72
Gly 0.35 7.79 0.60 ND ND ND ND 14.0 0.00
His 0.31 8.18 0.81 ND ND ND ND 8.9 0.00
lle -1.31 11.01 0.75 2301 3.94+1.8 55424 75+ 92 16.7 4.93
Lys 0.36 7.56 0.45 ND ND ND ND 8.6 0.00
Leu 0.85 13.81 0.85 3301 3.6+1.2 383+£25 809+ 77 17.7 b
Met -1.22 17.71 0.90 2601 1.3+£01 101+32 6724+ 115 16.6 0.83
Asn 0.46 8.92 0.67 2.80.3 3.3+1 104+ 135 7634 454 13.4 1.03
Pro 0.50 8.57 0.66 ND ND ND ND 14.3 0.00
GIn —1.68 8.39 0.88 0.13:0.01 4.8£25 240321500 661+ 128 13.7 0.00
Arg 0.31 6.85 0.69 ND ND ND ND 16.6 0.00
Ser 0.86 8.47 0.70 ND ND ND ND 13.9 0.00
Thr 0.34 8.22 0.80 ND ND ND ND 14.2 0.00
Val —0.66 14.95 0.79 5.80.2 25+ 0.6 106+ 12 —61+57 155 3.69
Trp —0.42 15.93 0.86 1.90.1 44412 102448 9044 272 17.3 1.29
Tyr —-1.90 12.08 0.85 6.505 3.1+1.4 1423 23524+ 122 14.9 11.31
(ACPHF6)

aND is real data that could not be measured under the time constraints of the experiment. For the following variables, ND was assigned the

following values: k, 0.00;CC, 100uM; lag time, 100 000 sAG;,(H20), —2000 cal/mol.> The Leu mutant was not present in the sample mixture

because it is isobaric to the lle mutant.
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Absorbance at 540 nm for AcPHF6 and some single-site mutants
as a function of increasing peptide concentration (b). The absorbance

Ficure 3: CD spectra of ACPHF6 and some single-site mutants ¢ 35uM was used to quantify the amount of amyloid present.
dissolved in 5 mM MOPS at pH 7.2 (a) and peptides in 100% HFIP

(b). The peptides were equilibrated in the solvent for at least 4

days prior to acquisition. the Ala and GIn mutants showed the slowest aggregation

rates and longest lag times.

increase in ThS fluorescence (Figure 5a and b). In general, Critical Monomer Concentration (CC) of PeptideBhe
aggregation of these peptides appeared to follow a nucleation critical monomer concentration required to trigger aggrega-
elongation mechanism with characteristic lag tin& 81). tion was extrapolated from a plot of ThS fluorescence as a
The data were fit to Gompertz growth curveés), and the function of peptide concentration (Figure 5c¢), and the data
kinetic rate constants and lag times extrapolated from theis summarized in Table 2. The Met mutant peptide had the
fit are summarized in Table 2. Mutants containing Tyr, Val, lowest CC (1.3uM), whereas the mutants containing Ala,
and Phe showed the fastest rates of aggregation, wherea®he, lle, Leu, Asn, GIn, Val, Trp, and Tyr had CCs within
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Ficure 6: Unfolding of peptide aggregates by HFIP as followed
g by the change in equilibrium ThS fluorescence. The fraction of
& 700 - unfolded peptide was calculated according to ref 84 (a) and
£ AcvaIveK _ AG;{(H20) was found by extrapolating to zero HFIP concen-
2 T tration and AGj; was calculated from the unfolded fraction
350 4 - AcVQIVYK (eq 2) (b).
e ° the AG;, data to zero concentration of HFIP. The data for
0 A all peptides studied is summarized in Table 2. The data show
2 6 10 1'4 1'8 relatively large free energy of stabilization values for
Peptide concentration (M) AcPHF6 and the Ala and Phe mutants. However, the amyloid

Ficure 5: Kinetics of assembly (22C) of AcPHF6 and some fom?? (.)f the. lle ar.]d val mutgnt peptldfs are nearly in
single-site mutants ((a) and (b)). The peptides were dissolved (€quilibrium with their monomeric forms\Gg, (H,0) ~ 0).
100 «M) in 20 mM MOPS at pH 7.2. The aggregation was HPLC Retention TimefReverse-phase HPLC RTs have
monitored by following the fluorescence of ThS upon binding to been used as a measure of hydrophobic#y).(Table 2
amyloid. Curves connecting the data were fitted using a Gomperz ¢, ,ymarizes RTs at low pH~Q) for the mutant peptides

growth curve (eq 1). Critical monomer concentrations were . .
calculated by linear extrapolation of the equilibrium ThS fluores- studied. The longest RTs were obtained for the Phe, Leu,

cence (c). and Trp mutants, whereas the shortest RTs were obtained
for the His and Lys mutants.

error, with values ranging from 2.5 to 4. Data for the LC-MALDI Analysis.We used the GlaD metho@&€) to

remaining mutants were not determined owing to the absencemeasure the propensity of a peptide to form amyloid by

of ThS binding at the peptide concentrations studied. measuring its partitioning between soluble and insoluble

Free Energy of Stabilization (Unfolding) of Amyloid forms in a solution containing a mixture of 18 of the 19
AggregatesCD spectra of the peptides in HFIP suggest that single-site mutant peptides. (The Leu mutant was not
in this solvent they exist primarily in random-coil conforma- included because it is isobaric to the peptide containing lle.)
tions (Figure 3b). Because of its ability to convert peptides Following centrifugation, the peptides present in the amyloid
with a -sheet conformation in buffer to a random-coil pellet were labeled witA°N,-OMIU, whereas the peptides
conformation, we used HFIP as a denaturant. Using the ThSin the supernatant were reacted with unlabeled OMIU. Figure
fluorescence at the beginning and end of an HFIP titra- 7a shows the labeled peptide ions observed in the MALDI-
tion to represent values for the aggregated and monomericTOF spectrum of the unfractionated mixture after the
forms of the peptides, the fraction unfolded, and the values fractions were modified and recombined. lons produced by
for free energy of unfoldingAG;,,) were calculated and derivatization with the light version of OMIU were observed
are shown in Figure 6a and b for AcPHF6 and for the Leu for all peptides except the Val and Asn mutants, where
and Phe mutants. The free energy of unfolding in buffer overlap with other ion signals in the spectrum prevented their
AG, (H20), a measure of the free energy of stabilization of observation. To circumvent this problem, the resolution of
the insoluble amyloid state, was obtained by extrapolating all components was obtained following chromatographic
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Ficure 7: MALDI-TOF spectra of the mixture containing single- § 0.6
site mutants of AcPHF6 (a). The amyloid formed in the mixture - 08

was isolated by centrifugation and labeled WitN-OMIU (light l 2 4 8 8 10
abbreviations) and the supernatant was labeled #hOMIU Variable _ _
(bold abbreviations). The two fractions were recombined prior to FIGURE 8: Results of PCA for AcCPHF6 and single-site mutants.
MALDI analysis. The signal of the Lys mutant corresponds to the Scores plot along the largest two PCs (a). Loadings plots for PC1
doubly modified peptide because it contains two Lys residues at (0) and PC2 (c). Data in Table 1 and 2 served as a basis for the
positions 5 and 6 in the sequence. MALDI spectrum containing a analysis.
single chromatographically purified fraction (b) Abbreviations
represent single amino acids substituted at position 5 of ACPHF6. were found to possess a few but not all of the properties
characteristic of peptides with positive PC1 scores. For
separation. Figure 7b shows the MALDI-TOF spectrum of example, the Ala mutant was found to bind ThS and was
the fraction containing the lle and Met mutants. The peptides observed by TEM to have filaments but had a positive value
present in the amyloid fraction, which were labeled with the of (©yr(215 nm))/@wr(192 nm)) (0.23). The peptides in
heavy isotopes, included AcPHF6 and the Glu, Phe, lle, Asn, the lower left quadrant of the plot (Lys, His, Gly, and Arg
Met, Val, and Trp mutants. Partition coefficients were mutants) did not form filaments observable by TEM, whereas
calculated from peak intensities and are summarized in Tableg|| of the peptides in the lower right quadrant of the plot
2. AcPHF6 was at least-23 times more abundant in the (lle, Val, Phe, and Tyr mutants) were found to form amyloid
amyloid fraction compared to that in other peptides. Of those in the prepared mixture of peptides analyzed by MALDI-
present, the least abundant peptide in the amyloid fraction TOF,
was the Glu mutant. The loadings plots provide information about the variables
Principal Component Analysi&Vhen considered cumu- that may be important for the distribution seen in the scores
latively, data in Tables 1 and 2 suggest that different peptidesplot. The plot for PC1 (Figure 8b) shows th@\r(215 nm))/
have different morphologies and spectroscopic, thermody- (Our(192 nm)), CC, and the lag time make a negative
namic, and kinetic properties. We used these measuredcontribution to PC1. This makes physical sense because the
properties as a basis for PCA of the data. The data wassmaller or more negative values for these parameters are
arranged in a 1% 10 matrix (19 samples, 10 variables) associated with amyloid formation. The remaining variables
and 2 significant principal components (PCs) were found to make approximately equal positive contributions, suggesting
capture 71% of the variance of the data. A scores plot of that no single variable is more important for separating the
the data is shown in Figure 8a. Peptides that possess manypeptides along PC1. The loadings plot for PC2 (Figure 8c)
of the properties characteristic of amyloid, such as fibrous shows that retention time and the results of the TEM and
morphology and binding of ThS and CR, were found to have MALDI-TOF are most important in separating peptides along
positive PC1 scores, whereas mutants that had weakePC2.
interactions with CR or that did not bind ThS (Pro, Thr, Ser,  Amyloidogenic Propensities of Inddual Amino Acid
Glu, Asp, Arg, Gly, His, and Lys) had negative PC1 scores. ResiduesWe used the PC1 scores to define the propensity
Within the group of peptides with positive PC1 scores, those of individual amino acids to form amyloid at the single
peptides closer to the origin (the Ala, GIn, and Asn mutants) mutation site in the AcCPHF6 sequence, and these propensities
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Table 3: Amyloidogenic Propensities of Individual Amino Acid 4 a pe
Residued 3 " o o
mutant PC1 propensity 5 2
2z &
Ala 0.52 g ! -
Asp —2.28 2 9
Glu -1.56 s - «
Phe 2.80 -1 o W
Gly -2.74 2} o
His -2.81 3 = , .
lle 2.19 4 2 0 2 4
Lys —3.67 Y Measured
Leu 1.70 l b ' '
Met 2.61 = 04
Asn 0.60 2 02l /\ ]
Pro -1.22 5 3
GIn 0.55 s 0
Arg —2.35 & 02} p25
Ser —2.03 g
Thr -1.63 5704 @ 1
Val 2.54 @ .06}, 1
Trp 2.20 08 ! , , )
Tyr 4.59 M 2 3 4 5
(ACPHF6) Variable
a Derived from PCA analysis of AcVQIVXK amide where X is one  FIGURE 10: PC1 scores predicted from PLS vs PC1 scores obtained
of 19 L-amino acid residues. by PCA modeling (a). The scores were predicted from a PLS model

constructed from three LVERE = 0.76 andQ? = 0.56). Amino
acid descriptorsz—zs) for the single-site mutation served as a basis

& K o for the chemical structural aspect of the mo@é8). Regression
< P ANSQFRHIY Yl AAG, coefficients for amino acid descriptor variables obtained from the
model (b).
D G i F . . . i
EF KADRMRT WY JY g differing only in that Thr replaces Met in the group of seven

most amyloidogenic residues. TAAGg_sheeiSCale correctly
classifies lle, Phe, Val, and Tyr among the most amy-
loidogenic residues but misclassifies the His, Arg, Asn, GIn,
N Thr, and Ala mutants.
E ELMF Y pct Interpretation of Propensities in Terms of Structural
Properties.Although PCA suggests which observables are
: i — important for differentiating peptides, it does not provide a
= . = SR 1 & < structural interpretation of the data. We attempted to correlate

normalized score . .

observable properties, as reflected in PC1 scores, to structures

Ficure 9: Comparison of the amyloidogenic propensities of amino . . :
acid residues predicted from this study (PC1) with those based onYSiNg PLS modeling, where each peptide was represented

thermodynamic/3-sheet propensitieSAAGs-sneq) (97), S-sheet by a 5-parametez code for the single amino acid residue at
propensities based on statistical abundarigg (96), and amy- position 5 of the AcPHF6 structure (because the peptide
loidogenic propensities based on rates of amyloid formagag)(  structures differ by only one amino acid residué$-69).

(33, 34). The values have been mean-centered and normalized 10The 7 scores are based on 26 physical and chemical

unit variance. Filled symbols are included to aid in the comparison ; . : - .
of propensities determined from other methods with residues with ProPerties, including hydrophobicity, steric parameters, heat
positive PC1 scores. Gray symbols in the plot AGs sheet of formatlon,a—polarlzablllty, NMR parameters, HOMO and
represent an overalap of filled and unfilled symbols. LUMO energies, and side-chain formal char@®)( To a
large extentz; corresponds to hydrophobicity; to steric
are listed in Table 3. As a comparison, we show amy- constraintsz to electronic propertieg, to heat of formation
loidogenic propensities (scaled to unit variance) derived by and electronegativity, ang to hardness of the HOMO and
fitting aggregation rate data from human acylphosphataseLUMO energies. Using the model, structural daxg and
(Pagy (33, 34), B-sheet propensities based on frequencies of observablesY) are projected onto a common set of LVs,
occurrence of individual amino acid residues in crystalline similar to principal components, and the scores are related
proteins Pg) (96), and thermodynamig-sheet propensities  to one another through a set of regression coefficiedls (
derived from changes in the stability of zinc-finger protein We found thaa 3 LV model was able to account for 85.3%
(AAGg-shee) (97) in Figure 9. According to the PC1 scale, of the variance in th&X block and 76.0% of the variance in
AcPHF6 (Tyr mutant) is the most amyloidogenic peptide the Y block and gave reasonably good modeling and
followed by the Phe, Met, Val, lle, Trp, and Leu mutants. predictive ability R = 0.76,Q? = 0.56). Figure 10a shows
The least amyloidogenic peptides according to this scale area plot of the PC1 scores predicted from structural parameters
the Lys, His, and Gly mutants. Although the order within to those based on measured properties. The regression
the group of more amyloidogenic peptides differs in com- coefficients of the variables obtained from the fitting are
parison to PC1, thp.ggVvalue also predicts the amino acids plotted in Figure 10b. A structural interpretation of the
with the greatest amyloidogenic propensities to be Trp, Phe,regression coefficients would suggest that lazge biydro-
Tyr, lle, Val, Leu, and Met. Thé; scale is similar tqagg phobic ;) amino acids substituted at position 5 in our

pﬁQQ
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25 filaments and twisted filaments to rolled sheets. The mor-
phologies observed for each peptide strongly depended on
the characteristics of the medium, with only two peptides
(AcPHF6 and the Thr mutant) displaying identical morphol-
ogies in the presence and absence of added NaCl. Only the
Arg, Lys, and His mutants did not form amyloid under either
set of conditions. In some cases, similar morphologies were
observed for peptides that shared similar chemical properties.
Mutants that contained residues with aromatic side chains
(AcPHF6, Trp, and Phe) all formed abundant straight
filaments in the presence and absence of added salt. The
structurally similar Leu and Ile mutants or the Asn and GIn
mutants also formed similar morphologies in buffer or in
buffer containing NaCl. An exception is observed in the case
of the Glu and Asp mutants, which are structurally similar
but in buffer form amyloid with two different morphologies
(rolled sheets and straight filaments). Several of the mutants
we studied here, including the Asn, GIn, Thr, Trp, and Val
6| 58 malais ovalitaang natis mutants, formed twisted filaments of similar widths but
s el longer periodicities than those seen in PHFs.

Ficure 11: Nucleating sequences in tau predicted from individual ~ Amyloid has traditionally been defined as insoluble
amino acid propensities. The sequences were predicted assumingproteineous deposits that are birefringent upon CR staining,
a polar (or charged) terminal residue followed by a hydrophobic display a crosg X-ray fiber diffraction pattern, and has
tail. an unbranched fibrous morpholog®, 21). However, our
) . ) ) .. results and those of others have shown that some peptides

peptides favoy e_lmyI0|d formgtlon. The negative contribution 5,4 proteins aggregate into amyloid displaying a range of
of hydrophobicity ) seen in the plot may be accounted ophologies, including straight and twisted fibers, spheres,
for because greater negative valueg,aforrespond to more  rinhons, and sheets, and their morphologies depend on
hydrophobic residues5g). Amino acids that have negative  exirinsic factors, including salt concentration, pH, and
values forz; and would thus be expected, on the basis of temperature X6—22, 31, 45, 46, 48, 52, 53, 98). Some
the model, to support amyloid formation include Leu, lle, \yorkers have claimed that the binding of thioflavin dyes or
Met, Phe, Pro, Trp, Tyr, and Val. On the basis of the signs spectral parameters observed in the CD or IR spectra can be
of the regression coefficients, AcPH.F6 and the peptld_es With orrelated to the presence of amyloid aggregates or to the
Phe qnd Trp mutants were predicted to be particularly  5ie of amyloid formation0, 13, 46, 49, 52—54, 94). To
amyloidogenic. , , further complicate the criteria for amyloid formation, it has

Prediction of Nucleating Sequences in Tau from Amy- peen found that many proteins that are soluble and do not
loidogenic PropensitiesThere are two types of structural  form amyloid bind CR 79). Some of the peptides we studied
themes that have been proposed to initiate amyloid formation ,,ssessed some but not all of the characteristics typical of
in model peptide systems: a sequence of consecutiveamyloid. For example, the GIn mutant formed twisted
hydrophobic residues followed by a charged or polar residue, fiiaments or rolled sheets in the absence and presence of
as in PHF6 and PHF6%g, 49), or alternatively, a sequence  4qded salt, had a CD and IR spectra characteristic of amyloid
in which hydrophobic and polar residues alterndte{48). (a negative ®yr(215 nm))/Owr(192 nm)) and 889B-sheet
Both sequences are amphiphilic, the first end-to-end and theby IR) but did not bind CR, showed relatively slow
second, above and below the plane of the peptide chain. Weygqregation kinetics, and was not seen to partition in the
scanned the sequence of tau and identified sequences f'tt'”gamyloid fraction in a mixture of peptides. Hence, different
the first of these two structural motifs because it most closely methods provide complimentary criteria for the presence of
fits the AcPHF6 peptides studied. Once such _themes Wer€amyloid, or, in other words, the definition of amyloid is
identified, the sum of the absolute values of their PC1 SCOres gependent on the methods used to define it. Our approach
was used to quantify the amyloidogenic propensity of the 14 this problem was to treat a variety of measurements in a
sequence. Figure 11 shows the identified sequences and the'éomprehensive manner. Scores obtained from PCA were
corresponding propensiticze;. The most agyloidogezngié: S€-used to define the amyloidogenic tendency of different
quences includ®VAVVR precezdlng Rsi_) VQIINK 2 peptides and because the peptides differed by only a single
(PHF6*) in R2, PHF6 in R3, an®4VYK **in the C-tail amino acid, the amyloidogenic propensity of different
region of the protein. Other sequences with a lower prob- yagidues. The distance in the PCA scores plot between the
ability oflseed|r1g2; egr;]ylmd forrr;?non aclczordlnglgg ourmodel Aja Asn, and GIn mutants and the more amyloidogenic Leu
include *VME?®, SKQAAAQ®, and Gpg\fv in the mutant is nearly equivalent to their distance to the less
N-terminal region of the protein arféMVD**!in the C-tail. amyloidogenic Pro mutant. Hence, the scores should be
DISCUSSION viewed as a continuous scale upon which correlations to

structure can be based.

We observed that 15 of the 19 peptides studied formed One of the most surprising findings was that the Pro
amyloid in buffer, and the morphologies of the amyloid mutant formed either straight filaments or rolled sheets.
observed varied greatly between peptides, ranging from Because of the lack of an amino hydrogen and the steric
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constraints of the ring, Pro has long been considefgdlzeet Pagg Nearly equivalent to Met, and GIn and Asn, which have
breaker, and scanning mutagenesis using either Pro or Alalower pagg Values than their comparable PC1 scores.
substitutions has been used to search for nuclei in amyloid- ThePj scale was formulated to refleBtsheet propensity
forming peptides and protein8%, 42, 49, 99). In our study on the basis of the frequency of occurrence of residues in
of AcPHF6 peptides, the Ala mutant was found to be one of 3-sheet secondary structure in crystalline globular proteins
the more amyloidogenic peptides. Hence, our results sugges{96). The AAGg-sheetpropensity scale is the thermodynamic
that the validity of using scanning mutagenesis as a tool for stability of 5-sheet structure in zinc-finger proteins, and the
finding amyloidogenic nuclei may depend on the sequence differences between this scale and the others likely reflect
searched, where the residue is substituted in the sequencehe uniques-structure of this proteind7). For example, the
and the criteria used to assess amyloid. Arg and His mutants of AcPHF6 do not form amyloid, but
The loadings plot for PC1 (Figure 8b) suggests that all of these residues are relatively well tolerated in zinc-finger
the observable properties contribute nearly equally to the protein. Both theP; and theAAGs-—sheerSCales differ from
scores along PC1 and, hence, to the amyloidogenic propenPC1 andpaggin de-emphasizing the contribution of aromatic
sity of each peptide. This suggests that the propensity of amino acids to amyloid formation. Hence, Val and lle, two
each of the peptides to form amyloid cannot be evaluated inresidues with large hydrophobic nonaromatic side chains,
terms of any single property. In the past, CD and TEM have are calculated to be the most amyloidogenic. The positive
been used to characterize peptides capable of formingcontribution of aromatic residues to amyloid formation has
amyloid and to screen peptides from combinatorial mixtures been previously noted in other peptides 88—41). Our
(52—54). Our results suggest that not all peptides giving rise QSAM calculations suggest that, at least in the case of the
to fibers in electron micrographs should be considered AcPHF6 mutants, hydrophobicity is the most significant
amyloidogenic. Furthermore, the CD spectrum obtained from structural property determining amyoidogenicity, followed
the mixture is a weighted average, and fheheet spectra by size. Electronic structure, which might give rise to
of some amyloidogenic peptides in a mixture may be m-stacking contributions, was seen to play a less significant
obscured by the random-coil spectra of nonamyloidogenic role. Others have found that amyloidogenic propensity, as
peptides occurring in greater abundance. A more reliable reflected by changes in aggregation rates between mutant
method for screening may be the separation of amyloid- proteins, arises from an equal contribution of hydrophobicity,
forming peptides by centrifugation and identification by using S-propensity,z-stacking, and chargelQl).
the GlaD method. We have used individual amino acid PC1 propensities in
Recently, Dobson and co-workers introduced an amy- sequences containing a hydrophilic (or charged) headgroup
loidogenic propensity scale for individual amino acids based and a hydrophobic tail, similar to the PHF6 and PHF6*
on phenomenological expressions that relates a set of intrinsiomotifs, to predict nucleating sequences in tau. Our results
factors, including hydrophobicity, charggsheet propensity,  suggest that a number of sequences throughout the protein
a-helix propensity, and the rates of aggregation of single- have the potential of acting as amyloidogenic seeds, including
site mutants of human muscle acylphosphatase (AcP) and dVME?? 8KQAAAQ®, and1?RMV128 in the N-terminal
few other proteins for which data were availab83,(34). region,??AVVR 2 in the proline-rich region, PHF6* and
Because the fitting was carried out on intact proteins, the PHF6 in the repeat region, affiVYK 3% and 49MVD 42
intrinsic propensitiesg,gg are sequence-independent and do in the C-tail region of the protein. Nucleating sequences with
not necessarily reflect propensities within nucleating se- a theme of alternating residues of high and low amy-
guences. In contrast, the PC1 propensities are specific for aloidogenic propensities have been observed to seed amyloid
single position in the AcPHF6 sequence but, unlikg, formation in peptides45—48) and are present in tau, for
reflect a combination of properties characteristic of amyloid example,3¥VEVK 340 and 343KLDFK?3*" in the R4 region.
formation. Despite these differences, residues with the However, because peptides following this motif were not
greatest propensities, according to either scale, are residuesharacterized in our study, their amyloidogenic propensities
with aromatic or large hydrophobic side chains. Both scales may not be directly compared to those following the PHF6
also show that positively charged residues, such as His, Arg,motif.
and Lys, have low amyloidogenic propensities. In AcPHF6  Early work showed that peptide fragments composed of
mutant peptides, the presence of these residues gives risethree of the four pseudorepeats of tau were tightly bound to
to two sequential positively charged residues (at position 5 pronase-treated PHFs termed the PHF ca@2{109). It
and 6). Others have previously noted that model peptideswas subsequently shown that tau constructs containing either
containing two consecutive positively charged residues fail the 3R or 4R forms of the MTBR could form twisted
to form amyloid, and the tahK280 mutant, in which one filaments with PHF-like morphologys6, 106). The nucleat-
of two consecutive Lys residues is omitted, shows a fastering fragments PHF6 and PHF6* were then isolated from the
aggregation ratedQ, 56, 62, 100). In other cases, notable smallest peptide fragment of the MTBR (PHF43) able to seed
differences occur between tipgyg and the PC1 scales. For full-length tau into filaments resembling bona fide PHBS, (
example, according to th@.g Scale, Pro is the least 56). However, there is both direct and indirect evidence that
amyloidogenic residue because of its negative contribution suggests the presence of sequences other than PHF6 and
of 5-sheet propensity in the phenomenological expressionsPHF6* aid in the nucleation of amyloid or regulate tau
used to construct the model. In contrast, Pro has a higheraggregation kinetics. This evidence and its relationship to
relative PC1 score because the Pro mutant was observed tour predicted nucleating sequences include the following:
form filaments, whereas the His, Arg, and Lys mutants did (1) The intensities of the bands attributableststructure in
not form filaments under any of the conditions investigated. the CD and FTIR spectra of the aggregated form of the 120-
Other differences include propensities for Thr, which has a residue repeat domain are proportional to a much greater
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fraction of the protein than can be attributed to the two rate, whereas S305N akK280, which extend the motifs
hexapeptide nucleating sequences, suggesting that othem PHF6 and PHF6*, would be expected to show increased
sequences contribute fosheet structuresf). Recent NMR aggregation rates. Other missense mutations are predicted
evidence suggests that sequences containing PHF6* androm our calculations to have only a small effect on
PHF6 at the beginning of R2 and R3 and the sequenceaggregation rate. Experimentally, G272V, N279K, and
336QVEVKSEKLD?% at the beginning of R4 are in rapid V337M have been shown to have slightly greater aggregation
exchange with-structure in aggregated forms of these tau rates, whereas P301L aitdk?280 have been shown to have
constructs 107). In agreement with these observations, much greater rates of aggregation compared to that of wild-
PHF6* and PHF6 are predicted by our algorithm to be highly type tau (00). However, the accumulation of PHFs char-
amyloidogenic, whereas the later sequence containing por-acteristic of these pathologies is a result of increased tau
tions of 3¥WVEVK?340 and 34KLDFK?34" are predicted to be  aggregation rates, the decreased affinity that some of the tau
amyloidogenic on the basis of the motif of alternating mutants have for microtubules leading to increased unbound
residues of high and low propensities. (2) The C-tail residuestau concentrations, and the changes in isoform expression
409-438 and 383-438 also form filaments, suggesting that linked to the mutationi16). Hence, it is not surprising that
nucleation sequences are present in this region, and NMRneither our results nor those of Pawar et al. are able to
studies suggest th&PArg and®¥al show restricted mobility ~ quantitatively predict the increased aggregation rates associ-
in the aggregated form of full-length tad @8 109. In ated with these pathologies.

addition, immunological evidence (with Tau-66) suggests that
the region containing?®/AVVR 2% interacts with PHF6
(110). These studies are consistent with the potential role
that our predicted amyloidogenic sequené&VYK 3%,
4IMVD#?L, and 2°VAVVR 230 play in aggregation. (3)
Immunological analysis (with Alz50 and MC1) suggests a
pathological conformation where thé-terminal is folded
over the repeat domain, and spectroscopic evidence suggests 3.
that *Tyr interacts with residues in the region of PHF6
(111-113. Mutants in which residues-218 are deleted
aggregate more slowlhi (4), consistent with the important
role theN-terminal region plays in aggregation. Our predic-
tion of the nucleation sequené®/ME?*? is consistent with
these experimental observations. (4) Full-length (4R) tau
constructs missing the twd-terminal inserts (residues
46—-103 of full-length tau) aggregate more slowl¥1§),
suggesting the presence of amyloidogenic regions in this
segment of the protein. Our work predicts the amyloidogenic
sequenc€’KQAAAQ *?in this region, consistent with these
observations. In summary, NMR studies of the tau MTBR
confirm the structural role which PHF6 and PHF6* and
BQVEVKSEKLD?** play in the formation of PHFs, whereas
NMR, fluorescence, and immunological studies confirm that
sequences outside the MTBR in théterminal region
(residues 218), the proline-rich regior?{°Arg), and in the
C-tail (3*val) play either a kinetic or a structural role in tau
polymerization. In many cases, residues or sequences in tau
implicated by these studies as being important in PHF
formation contain sequences predicted by our algorithm to
have high amyloid-forming potential. These sequences may
either seed amyloid in and of themselves or interact with 13-
other amyloidogenic regions of the protein such as the MTBR
to form partially folded intermediates.

Pawar et al. 33) have used amyloidogenic propensities
derived from their kinetic based model to predict changes
in aggregation rates caused by missense of point mutations ;5
in tau associated with pathology, leading to increased NFT
accumulation. Although these workers make the argument
that changing a residue from a less amyloidogenic one to a
more amyloidogenic one would increase the aggregation rate,
we believe that such changes without the increase in length
(and hence the propensity) of an existing amphiphilic
sequence would have only a marginal effect. Using this
strategy, N279K, which breaks up the amphiphilic PHF6*
sequence, would be expected to have a decreased aggregation
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