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ABSTRACT. B-Amyloid (Ap), the primary protein component of Alzheimer’s plaques, is heurotoxic when
aggregated into fibrils. We have devised a modular strategy for generating compounds that ighibit A
toxicity, based on linking a recognition element fgf £0 a disrupting element designed to interfere with

A aggregation. One such compound, with the-25 sequence of Aas the recognition element and a
lysine hexamer as the disrupting element, alter@dafjgregation kinetics and protected cells frofi A
toxicity [Ghanta et al. (1996]. Biol. Chem 271, 29525]. To optimize the recognition element, peptides

of 4—8 residues composed of overlapping sequences within the3%lomain were synthesized, along

with hybrid compounds containing those recognition sequences coupled to a lysine hexamer. None of the
recognition peptides alteredsfaggregation kinetics and only two, KLVFF and KLVF, had any protective
effect against A& toxicity. The hybrid peptide KLVFF-KKKKKK dramatically altered /Aaggregation
kinetics and aggregate morphology and provided significantly improved protection ag@inekigity
compared to the recognition peptide alone. In contrast, FAEDVG-KKKKKK possessed only modest
inhibitory activity and had no marked effect orpAaggregation. The scrambled sequence VLFKF was
nearly as effective a recognition domain as KLVFF, suggesting the hydrophobic characteristics of the
recognition sequence are critical. None of the cytoprotective peptides prevefiteggfegation; rather,

they increased aggregate size and altered aggregate morphology. These results suggest that coupling
recognition with disrupting elements is an effective generalizable strategy for the creatignrgfibitors.
Significantly, prevention of & aggregation may not be required for prevention of toxicity.

The progressive, degenerative disease of the brain known(8—10). AD has been linked to either increased production
as Alzheimer’s disease (Affects approximately 4 million  or increased deposition of /A and there is evidence that
Americans. The presence of amyloid plaques is consideredthe deposition of & predates other AD pathological events
one of the defining pathological feature of Alzheimer's (11, 12).
disease. The primary protein component of these plaques is The origin of the cellular toxicity of & is an active area
B-amyloid (A3) peptide, deposited as amyloid fibrilsAs of research. A number of studies indicate that toxicity is
a 39-43 amino acid fragment from the membrane amyloid associated with the aggregation process that converts mon-
precursor protein (APP). Thefregion of APP includes 28 omeric, soluble £ to insoluble fibrils 8, 13—15). If the
residues that reside outside the membrane ane151 process of aggregation confers toxicity, then appropriate
residues in the transmembrane domdi)) therefore 4 is therapeutic strategies include interruption of aggregafién (
amphiphilic. It is widely hypothesized, but not universally 17). Several small molecules, including sulfonated com-
accepted, that the conversion of Ao fibrils is a causative pounds such as Congo red or related molecul®s-20),
event in the onset of ADX 3). This hypothesis is supported  surfactants Z1, 22), rifampicin and related naphthohydro-
in part by transgenic animal studies«(7) and by numerous  quinones 23), the cationic aromatic compound pyronine Y
in vitro studies showing that Ais toxic to cells in culture (24), and cyclodextrin 25, 26), have demonstrated in vitro
activity in A3 aggregation or A toxicity assays. These
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and yflrr, inhibited fibril formation, as assessed by electron to obtain the molecular weigiM. The specific volume of
microscopy 27, 28). The octapeptide QKLVTTAE, with  the peptides was calculated from the amino acid sequence.
substitutions for the two Phe residues at positions 19 and Cellular Toxicity.Lyophilized A3 was dissolved in 0.1%
20, inhibited fibril formation at a 10-fold molar excess, a TFA at 10 mg/mL. All other peptides were dissolved directly
result attributed to weak interactions between the octapeptideinto sterile-filtered PBS that contained streptomycin and
and monomeric A (29). Peptides with partial homology to  penicillin to prevent microbial growth. Peptide concentration
the central 1721 region of A8 but with proline substituents  in stock solutions was typically 2.5 mg/mL 5Avas diluted

at key positions were designed/asheet breakers and were 20-fold into sterile-filtered PBS to 0.5 mg/mL or mixed with
observed to convert Afibrils to amorphous aggregates and the peptide solutions to a finalAconcentration of 0.5 mg/

inhibit Aj toxicity in vitro and in a rat brain model30Q, mL and a peptide:& molar ratio of 2:1 or 1:1 unless
31). Together, these studies provide evidence that moleculesotherwise indicated. Solutions were incubated quiescently
that can bind to & may interfere with its aggregation. for 1 week at room temperature. PC-12 cells (ATCC) were

We have pursued a related but distinct strategy. In this grown in medium containing 85% RPMI 1640, 5% fetal
design, partial homologues offfAare used as a means to bovine serum, 10% heat-inactivated horse serum, 3.6 mM
introduce a specific binding domain (“recognition element”) L-glutamine, and antibiotics, in a humidified incubator at 37
into an inhibitory compound, but fibril disruption is aug- °C and 5% CQ. Cells were harvested from T-flasks with
mented through addition of a separate domain, the “disrupting trypsinization (0.05% trypsin and 0.4 mM EDTA), resus-
element”. This modular design allows greater flexibility, pended in medium, and plated into 96-well plates at 16-000
since the domains of the compound can be optimized 15 000 cells/well. Plates were incubated for 24 h to allow
independently for their binding and disrupting functionality. cells to attach. & or peptide-Aj solutions were diluted
The successful implementation of this strategy has been5-fold into medium and incubated at room temperature for
described 32). In that example, the recognition element 1 day, then medium from attached cells was removed and
corresponded to the 25 sequence of A and the replaced with medium containing/fAor peptide-AS mix-
disrupting element was chosen to be a polar, chargedtures. After 24 h of incubation at 37C, 10uL of MTT (5
sequence of lysines, appended to the C-terminus of themg/mL in RPMI medium without phenol red) was added to
recognition sequence. This hybrid compound protected PC-each well. After 4 h, 10@.L of 50% dimethyl formamide/

12 cells from AS toxicity and engendered striking changes 20% sodium dodecyl sulfate, pH 4.7, was added and the
in the aggregation kinetics of /Asolutions. plates were incubated overnight, and absorbance at 580 nm

The goals of the work reported here were to (1) further was read the next day on a Labsystems Uniskan Il microplate
explore the design requirements fois Aecognition, (2) reader. Percent cell viability was determine by dividing
determine the necessity and function of the lysine hexamerabsorbance of the sample by the absorbance of a control
disrupting element, and (3) define the relationship between (cells treated in an identical manner but withoup)A
the influence of inhibitors on aggregation and on toxicity. Averages from 6 replicate wells were used for each sample

and control.
MATERIALS AND METHODS Laser Light ScatteringPBSA [PBS with 0.02% (w/v)

Peptide Synthesis\3(1—39) was purchased from AnaSpec, NaNs, pH 7.4] was double-filtered through 0.22n filters.
Inc. (San Jose, CA). The peptide sequence, DAEFRHDS-AS was dissolved in 0.1% TFA to a concentration of 10
GYEVHHQKLVFFAEDVGSNKGAIIGLMVGGYV, is ho- mg/mL and then diluted 20-fold into filtered PBSA or PBSA
mologous to the first 39 residues of natives APurity and containing synthesized pe_ptiqles_. The molar ratio of pe_pUde:
identity were assessed by amino acid analysis, mass specf was 2:1 unless otherwise indicated. The pH was adjusted
trometry, and reverse-phase HPLC; the reported purity wast© 7.4 with 0.5 M NaOH and then the solution was filtered
>95% and the reported molecular weight was 4231 (theo- through 0.4%:m filters directly into a cleaned light-scattering
retical molecular weight of 4232). All other peptides were Cuvette placed in a bath of the index-matching solvent
synthesized by solid-phase peptide synthesis using Fmoc-decahydronaphthalene, which was temperature-controlled to
protected amino acids. The crude peptides were purified by 25 °C. Dynamic light scattering data were taken with a Lexel
reverse-phase HPLC on a C18 Vydac column with linear &gonion laser for illumination and a Malvern 4700 system,
gradients of acetonitrile/water with 0.1% TFA. The mass of as described in more detail elsewhes8)( Autocorrelation
the purified peptides was analyzed by mass spectrometry.data at 90 scattering angle were collected several times over

Peptides were stored as lyophilized powders @0 °C. All the course of-6 h, as described in more detail elsewhere

other chemicals, unless otherwise noted, were purchased front33). Data were fit to a third-order cumulants expressié#) (

Sigma (St. Louis, MO). to derive an average apparent hydrodynamic diameter.
Analytical UltracentrifugationPeptide solutions at0.5 After 24 h, static light scattering measurements were taken

mg/mL in phosphate-buffered saline (PBS; 0.01 MHRO/ with the same samples and apparatus: briefly, the scattered
cm path length cells and then centrifuged at 50-660 000 for 10 s; each measurement was repeated 10 times and

rpm in a Beckman Optima XL-A ultracentrifuge for 2@4 averaged. Average scattered intensity of the buffer was
h. AbsorbanceA at 230 or 257 nm was measured as a Mmeasured in the same manner and subtracted from the sample
function of radial positiom and the data were fitted to scattering intensity; the result was then normalized by using
the scattering intensity of the reference solvent toluene to
dinA M1 — vp)w2 obtain the Rayleigh rati®&y(q) as a function of scattering

(2) vectorg, whereq = 4nn/lo sin (0/2), nis the refractive index

dr? 2RT of the solvent/, is the wavelength of the incident beam in



3572 Biochemistry, Vol. 38, No. 12, 1999 Pallitto et al.

vacuo, and) is the scattering angle. Data were analyzed as 146 1- Synthesized Peptides
described in greater detail elsewheB®)( Briefly, the data
were plotted in the Kratky formatPRy(q)/Kc [= ¢?MP(q)]
versusq, wherec is the peptide concentratiok, = 47?n?-
(dn/dc)?/Nale*, dn/dc is the refractive index incremeniia
is Avogadro’s numbenl, is the weight-average molecular ~— Reccsuitionpeptides

Theoretical Mol. Wt.  Water-

Name. Sequence Mol. Wt. Mass Spec. soluble?

weight, andP(q) is the particle scattering factor, which is a 16-19 KLVF 057 5063 yes
function of particle shape. Second virial coefficient correction 16-20 KLVFF 6528 6534 yes
terms were ignored. The Kratky plot is a convenient means 16-25 KLVFFAEDVG 11244 11253 no
for observing linear vs branched structures for particles with 1720 LVFF no
characteristic dimensions on the order of the wavelength of 18-25 VFFAEDVG 8830 8835 yes
the incident beam3). A smoothly rising plot with a plateau 19-25 FFAEDVG 7838 7844 yes
at intermediateq is typical of semiflexible linear chains, 20-25 FAEDVG 6367 6374  yes
whereas a “bump” in the graph at intermediadeis 16-208 VLFKF 6528 6534  yes
characteristic of a branching structure. Two alternative capl6-20  CH3CO-KLVFF 6989 6984  partially

models of particle shape, semiflexible (wormlike) chain and
semiflexible (wormlike) star, were used to fit the data. The gywid pepiides

semiflexible chain model describes a linear chain with total 1620K,  KLVFFKKKKKK 4209 14220 yes
contour lengthL, and Kuhn statistical segment lendih(a 16:205K,  VLFKFKKKKKK lo 14918
measure of the stiffness of the chain, equal to two times the
persistence lengthP(q) for semiflexible wormlike chains

is

20-25-K, FAEDVGKKKKKK 1406 1405.4 yes
15-25-K¢ GQKLVFFAEDVGGaKKKKKK  2192.7 2190.3 yes

P(q) = 2 rk (L. — H)(t,l,,0) dt 2) and an N-acetyl-capped recognition peptide) and three
L2J0 ¢ additional hybrid peptides (the recognition elements 26

or 20-25, or the scrambled sequence-I®S, coupled to a

where the functionp(t,lx,q) has been described elsewhere hexameric lysine disrupting element) were synthesized (Table

(34, 37). We have shown previously that this model is a good 1). C-Terminal placement of the disrupting element was

description of A8 fibrils (34, 35). The continuous wormlike ~ chosen on the basis of previous resuld®)( Analytical

star model describes a branched particle with a center fromultracentrifugation experiments revealed that-26, 18-

which emanatd semiflexible chains of equal lengtR(q) 25, and 26-25 were monomeric in PBS (molecular weights

for the continuous wormlike star model is a functionlgf of 680 + 10, 870+ 30, and 720+ 10, respectively), but

the contour length of one arh., and the number of  16—25 was highly aggregated. The hybrid peptide-25-

C

branched (398): Ke was monomeric by analytical ultracentrifugation (mo-
1 lecular weight 2030+ 20), indicating that C-terminal
Lea . -
P(g) = —{2(2-1) j(‘) (Loa— X)op dx + attachment of the lysine hexamer completely solubilized the

otherwise highly aggregatedpgAfragment. Other peptides
2Lea were not tested by ultracentrifugation.
(f-1) fo (@lea— X dd (3) Peptide sequences within the-185 domain of A were
) . examined for their ability to inhibit the toxicity of A(1—
Mu; Ik, Le (Or Leg), and, where appropriatbyere determined  39) toward PC-12 cells, using the MTT reduction assay. A
by nonlinear regression of the data using the parameteryecrease in ability to reduce MTT is reportedly an early
estimation software program GREG (39), with numerical jngicator of A3 toxicity (40). None of the peptides listed in
integration to evaluate eq 2 or 3. To reduce covariances toTaple 1 were toxic by themselves (data not shown). Treat-
acceptable levels, fitting was done by reparametrization to hent of cells with aggregated®at 25.M caused a decrease
the parameter seby/Lc, L, Lclk) for eq 2 or M, Lea Ledk, in MTT reduction to about 55% of control, consistent with
andfL.2) for eq 3.M,, was independently determined by peviously reported data3®). Recognition peptides from
extrapolation ofkKc/Rs vs ¢f to ¢ = 0 (Zimm plot) and in Table 1 were added at a 1:1 or 2:1 peptiggmolar ratio.
all cases agreed to that determined by regression to thethe resulting solution was incubated at room temperature
multiple parameter set within experimental error. for 1 week and then added to plated PC-12 cells. Two
RESULTS recognition peptides, 1620 (p < 0.0005) and, to some
extent, 16-19 (p < 0.01), prevented the decrease in MTT
Previously we found that a hybrid compound, comprising reduction at a 2:1 peptidefAratio (Figure 1). Recognition
the 15-25 sequence of A as a recognition sequence with peptides derived from the C-terminal end of the—P%
a hexameric lysine at the C-terminus as a disrupting element,sequence (1825, 19-25, and 26-25) were not protective
was capable of protecting PC-12 cells from toxicity and of at a statistically significant level, nor was a scrambled
altering the aggregation kinetics of3A32). Therefore, we sequence 1620S or theN-acetylated peptide cap1t@0
examined the ability of shorter peptide segments within the (Figure 1). The insolubility of 1625 in PBS precluded
15-25 sequence of Ato serve as recognition elements. analysis of its effect on A toxicity. When the peptide
Several recognition peptides of-8 residues with overlap-  concentration was decreased ta@B (1:1 molar ratio), only
ping sequences were synthesized and purified (Table 1). In16—19 showed a modest protective effect at a statistically
addition, two control peptides (a scrambled sequence peptidesignificant level p < 0.01).

c,a
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Ficure 1: Effect of recognition peptides or 20 variants on
cellular toxicity of A solutions. A8 at 120uM alone or with the

designated peptide was incubated for 1 week at room temperature,

then diluted 5-fold, and added to plated PC-12 cells for 1 day.
Cellular toxicity was assessed by the MTT assay. Each bar
represents the meatt SEM of 2—9 separate runs, with—46
replicates per run. Gray bars, 1:1 peptidé#olar ratio; hatched
bars; 2:1 peptide:A molar ratio. Comparison of toxicity of A+
peptide to toxicity of 48 alone: *,p < 0.01; **, p < 0.0005.

Next, the effect of hybrid peptides onpAtoxicity was
measured, to determine if attachment of the disrupting
element, a lysine hexamer, to the C-terminus of the recogni-
tion elements generated compounds with increased inhibitory
activities. At a 2:1 peptide:A molar ratio, all four hybrid
compounds provided at least partial protection against A
toxicity, in contrast to what was observed with the recogni-
tion peptides. At a 1:1 ratio, 225-Ks was no longer
protective, while the other three hybrids provided partial
(15—25-Kg) or complete (16-20-Ks and 16-20S-Ks) pro-
tection (Figure 2A). The activity of the hybrid compounds
is compared to their corresponding recognition peptides in
Figure 2B. At a 1:1 ratio, hybrid peptides 480-Ks and
16—20S-Ks were superior protective agents compared to the
corresponding recognition peptides 180 or 16-20S.
Although 15-25-Ks and 206-25-K¢ were slightly more
protective than their corresponding recognition peptides, the
differences were not statistically significant.

We hypothesized that the differences in inhibitory activity
in the biological assay would be reflected in differences in
aggregation behavior. To elucidate the effect of these
compounds on A aggregation, mixtures of peptide ang A
were prepared under conditions that resulted fhafygrega-
tion into fibrils (35). The kinetics of aggregate growth were
measured by dynamic light scattering. The apparent hydro-
dynamic diameter of A aggregates in solution increased
slowly with time. Mixing any of the recognition peptides
with AS at a 2:1 peptide:& molar ratio had no substantial
impact on the rate of growth (Figure 3). The hybrid peptide
20—25-Kg also did not alter /& aggregation kinetics. In sharp
contrast, peptides &0-Ks, 16—20S-K;, and 15-25-Ks all
caused marked increases in the growth kinetics. At a 2:1
peptide: A8 molar ratio the growth rate of Ain the presence
of 16—20-Ks or 16—20S-Ks was markedly greater than that
of A + 15—25-Ks and was too fast to collect reliable data.
Therefore, the experiment was repeated with those two
hybrids at a 0.5:1 peptidefAmolar ratio. The growth rate
for 16—20-Ks + A at the lower molar ratio was similar to
that for 15-25-Ks + Ap at the higher molar ratio (Figure
3). For 16-20S-Ks + Ap, the growth rate was lower than
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Ficure 2: Effect of hybrid peptides on cellular toxicity of A
solutions. Experiments were carried out as described in the legend
to Figure 1. (A) Comparison of toxicity of A+ hybrid peptides

to toxicity of AB alone at a 1:1 (gray bars) and a 2:1 (hatched
bars) peptide:& molar ratio. *,p < 0.005; **, p < 0.0005. (B)
Comparison of toxicity of £ + recognition peptides (gray bars)

to toxicity of A3 + hybrid peptides (hatched bars) peptides at a
1:1 molar ratio. *,p < 0.005.
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Ficure 3: Growth kinetics of /& aggregates. Apparent hydrody-
namic diameter of & (x); A with the recognition peptides 16

20 @), 18-25 (»), 20-25 (), or 16-20S €); and A8 with the
hybrid compounds 1620-Ks (M), 15—25-Kg (A), 20—25-Ks (@),

or 16-20S-K; (®) was measured by dynamic light scattering at
an A3 concentration of 0.5 mg/mL (120M) and a 2:1 peptide:
Ap molar ratio, except for 1620-Kg and 16-20S-Ks, which were
taken at a 0.5:1 peptideAmolar ratio.

for 16—20-Ks + ApJ but still greater than for A alone
(Figure 3). From these data, we conclude that the hybrid
peptide 16-20-Ks has the greatest effect orfAaggregation
kinetics, followed by 16-20S-K; and then 1525-Kg. In
contrast, 26-25-Ks does not measurably affect aggregation
kinetics.

Static light scattering data were collected for the peptides
alone or AG alone. Scattering from the peptides&40uM
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Table 2: Effect of A8 Fragments on the Size offAAggregates T - T
sample M2 (x 10P Da) Lc (nm) I (nm) T 17T )
Ap 8+2 1300+ 300 150+ 50 &r y 1T ]
Ap +20-25 11+ 4 24004+ 700 110+ 40 &E“ s : oo || |
AB 8+1 780+ 60 190+ 30 I I | w{ |
Ap + 18-25 11+1 11004+ 100 170+ 30 g 2 ‘
Ap +16-20 18+ 1 15004+ 100 170+ 20 il — : : w w
AB 1.9+ 0.1 230+ 10 NDP 2 o
ApB + 16-20S 3.8+ 0.3 510+ 30 190+ 30 % 1r .
aValues for average molecular weigh,, fibril length L., and ‘o 1L J
stiffnesslx were obtained by fitting eq 2 to data in Figure 4. Eagh A
+ fragment mixture should be compared witf3 A its grouping.” ND 17 1
= not determined. An estimate &f could not be extracted from the 1L o8 i
data, indicating that the fibril is sufficiently short, relative to its

characteristic stiffness, to behave as a rod. ° , 2 s . 2 5

q (10°cm™)
in the absence of,@‘wgs I.ndlsnngu'Shable fro.m scattering Ficure 4: Effect of recognition peptides on scattering intensity of
from buffer alone, indicating that these peptides do not by ag aggregates. Data are presented in the form of Kratky plots (see
themselves form large aggregates (data not showfi). A text). In each case, scattering data were collected 24 h after sample
solutions strongly scattered light, indicating the presence of preparation, at 0.5 mg/mL/Aand 2:1 peptide:& molar ratio. Data
large aggregates. Further analysis of the data indicated thafor A with recognition peptide is compared t@Alone. A4S curves

: P differ somewhat in each panel, likely due to inaccuracies in
the angular dependence of the scattering was indicative Ofconcentration determination, which are highly magnified due to the

I|near Semlf|eXIb|e fIbI’I|S F|tted Va|ueS Of the average Strong concentration dependence of the aggregation_ Data are
molecular weightM,, lengthL., and stiffnesdy of the A3 compared for samples prepared at the same or similar times. (A)
aggregates were determined from the data and are given inAB (x) or A3 + 20-25 (O). (B) AB (x) or AB + 18-25 (A). (C)
Table 2. The variability in the individual data sets observed AB (x) or Af +16-20 @). (D) AB (x) or A + 16-20S ().

is likely due to inaccuracies in the measurement ¢gf A 20 —— : :
concentration, as this variable would strongly impact the rate A B
of aggregation as well as the analysis of the scattering data. 15 1 ]

To minimize the effects of variability and to allow for clearer
assessment of any changes in aggregate size or morphology
caused by the recognition or hybrid peptides, we typically
compared data for peptide\3 mixtures with data for &
alone prepared from the same batch ¢f @&hd on the same
day.

Next, the effect of recognition peptides ol Aggregate
size was explored. Representative scattering data are pre-
sented as Kratky plots for/Aalone or with the recognition
peptides 26-25, 18-25, 16-20, and 16-20S in Figure 4. 5
The scattering curves forA+ 20—25 (Figure 4A) and for .
Ap + 18-25 (Figure 4B) correspond almost exactly to the 0
curves for A3 alone. This indicates that the peptides-25
and 18-25 do not affect the molecular weight, length, or

sh_ape of /6 aggregates. Scatterlng curves fof A.16 20 aggregates. Data are presented in the form of Kratky plots (see
(Figure 4C) and £ + 16-20S (Figure 4D) retain shapes eyp) “n each case, the MAconcentration was 0.5 mg/mL and
similar to that for A8 alone but the entire curve is shifted scattering data were collected 24 h after sample preparation (7 h
upward. This indicates that the morphology of thegg A for A + 16—20-Ks). Peptide:# molar ratio was 2:1 for all

aggregates is unchanged but their average molecular weighgamples except A+ 16-20-Ks and A5 + 16-20S-K;, where
is somewnhat larger. the ratio was 0.5:1. Data for/Aprepared with recognition peptides

. . is compared to data for Awith hybrid peptides. (A) £ + 20—
Scattering data, presented as Kratky plots, for solutions 25 (©) or Af + 20—-25-Ks (®); (B) A + 18—25 (a) or A +

of Ap with hybrid peptides were compared to data for 15-25-Kg(a); (C) A8 + 16—20 (@) or AB + 16—20-K; (m); (D)
solutions of A3 with the corresponding recognition peptide AB + 16-20S ) or A8 + 16—20S-Ks (#).

(Figure 5). For this comparison, the effect of-12%6-Ks on

Ap aggregate size and morphology was compared to theat intermediate values af (Figure 5B-D). The shape of
effect of 18-25, since 1625 was insoluble. The effect of ~the curve is consistent with a branched morphology; in
hybrid peptides on & aggregates was more variable, and particular, the peak can be considered as diagnostic of a
generally more dramatic, than the effect of recognition loose, branched structure as opposed to a linear fibril or a
peptides. A mixture of 2625-Ks + AB produced a Kratky ~ compact globular structur@@). The effect of 16-20-Ks and

plot similar in shape and shifted slightly downward from 16—20S-Ksis all the more dramatic, as these data were taken
20—25+ Ap (Figure 5A). In sharp contrast, inhibitors 45 at a 4-fold lower peptide concentration (0.5:1 peptige:A
25-Ks, 16—20-Kg, and 16-20S-Ks caused drastic changes molar ratio) than any of the other data, and the data fer 16
in the Kratky plots, with the appearance of a distinct peak 20-Ks + Aj were collected after opl7 h versus 24 h for

q*R/Kc (10" g mol™ cm®)
N
o

g (10°cm™)
Ficure 5: Effect of hybrid peptides on scattering intensity gf A
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Table 3: Effect of Hybrid Peptides on the Size and Morphology of
ApS Aggregates

added peptide M2 (x 10° Da) Lc (nm) I« (nm) f
20—25 11+ 4 2400+ 700 110+ 40 NA°
20—25-Ksq 8+3 2500+ 600 110+40 NA
18—-25 11+ 1 1100+ 100 170+ 30 NA
15-25-Ks 20+ 3 2000+900 170+70 6+3
16—20 18+ 1 1500+ 100 170+ 20 NA
16—20-Ks 30+5 2500+ 1300 130+ 70 6+3
16—-20S 3.8+0.3 510+ 30 190+ 30 NA
16—20S-Ks 14+2 1300+ 500 190+ 30 442

aMu, Le, andly, or My, L, I, andf, were determined by fitting eq
2 or 3, respectively, to the data in Figures 4 and 5. For the branching
morphology L. = fLc, WhereLcis the length of an individual “arm”.
b NA, not applicable. Data were fit to the linear semiflexible model,
eq 2, which does not include a branching variable. Data sets with 16
20-Ks, 15—25-Kg, and 16-20S-Ks could not be reliably fit to the linear
model, justifying the use of the additional model parameter.

all other samples. These results correlate well with observa-
tions made by dynamic light scattering (Figure 3): the three
hybrid compounds that dramatically changed the fibril shape

Biochemistry, Vol. 38, No. 12, 1998575

peptides relative to their recognition peptide. The extent of
branchingf was similar for all three hybrids. The sum of
the lengths of the individual “arms” of the branched structure,
L., generally was greater than forSAalone or with
recognition peptides.

Results from biophysical and biological assessment of the
interaction of recognition and hybrid peptides o Aan
now be compared. Of the recognition peptides;-26 was
the only one that provided some protective effect in the MTT
toxicity assay and caused a change, albeit modest,pin A
aggregate size. Peptide-205-Ks was the weakest inhibitor
of toxicity of the four hybrid peptides tested and caused little
change in A& aggregation. Peptide 25-Ks possessed
somewhat better protective characteristics and engendered
a substantial change in both the rate of aggregation and the
aggregate morphology. The two hybrid peptides that provided
the strongest protection againsg Aoxicity, 16—20-Ks and
16—20S-Ks, also elicited the greatest changes if§ Ag-
gregation.

DISCUSSION

also caused a sharp increase in apparent growth rate, while

those compounds that did not affect aggregation kinetics did

Evidence is mounting that aggregation gf Ato fibrils,

not cause a change in aggregate morphology. Thus, in termsand deposition of fibrils into amyloid plaques, are key steps

of their impact on /8 aggregate size and morphology, the
hybrid peptides are ranked in the order-I®-Ks > 16—
20S-Ks > 15—25-Kg > 20—25-K.

To provide additional insight into the changes in size and

in the onset and progression of Alzheimer’s disease. Details
of the pathway by which & monomers are converted to
fibrils are still under investigation; available data support a
general view that random coil /A monomers undergo

morphology of the aggregates, we modeled the data using areversible association into/asheet structured oligomer, that

particle scattering factor of a semiflexible (wormlike) chain
or a semiflexible star. Characteristic parameters of the
aggregate size and shape, including the contour lebhgth
stiffnessly, molecular weighi,,, and extent of branchinfy
were determined by fitting egs 2 or 3 to the data. The fitted

fibril growth proceeds via a nucleation and elongation
mechanism, and that both electrostatic and hydrophobic
interactions play roles in the rate of fibril growth (see refs
41 for review). Compounds that disrupt the amyloid cascade
are of interest for two reasons. First, they serve as useful

curves are shown in Figures 4 and 5, and summaries of theprobes of the molecular mechanisms underlying amyloid

fitted parameters are given in Tables 2 and 3.
All of the data for solutions containing a recognition
peptide and & could be modeled as linear semiflexible

formation and pathology. Second, they may provide lead
compounds for the development of therapeutics. Given these
benefits, we set out to develop a strategy that could generate

chains. None of the recognition peptides caused a statistically2 library of compounds with the desired attributes.

significant change in the stiffness of the fibrils, as quantified
by l. Recognition peptides 225 and 18-25 did not cause

a significant change iM,, of Aj aggregates. The data may
suggest an increase in the average fibril length for 29

+ AJ mixtures relative to & alone. However, determination
of L. is highly correlated tdy, and the produdtdly for 20—
25+ ApB and AB alone are not statistically distinct. Thus,
we suspect that this apparent difference in fibril length is
not significant and that neither 2@5 nor 18-25 alters the
average 4 fibril length. BothM,, andL. increased by about

a factor of 2 for 16-20+ A and for 16-20S+ Ap relative

to AS alone. The fact thail,, andL. increased in parallel
indicates that the fibril thickness was not changed.

Several groups, including ours, are pursuing the idea that
the A3 sequence itself may provide insight into devising
molecules that interrupt A—Af self-association. For ex-
ample, Tjernberg et al2f) explored the possibility of using
Ap fragments to bind to key regions offAand compete
with Ap—Ap binding. The sequence KLVFF was suggested
to bind to A3 and to inhibit fibril formation. Hughes et al.
(29) made a conservative Phe Thr substitution at positions
19 and 20 in designing the peptide QKLVTTAE and
observed weak binding and fibril disruption. Soto et 30)(

further altered the basic binding domain by substituting

prolines at one or more positions and identified several
peptides that inhibited fibril formation, as measured by ThT

No statistically significant difference in aggregate molec- fluorescence. Proline was chosen as a substituent because it

ular weight, aggregate shape, or fibril length was observed
for 20—25-Kg + AS compared to 2625 + Ap (Table 3).
However, dramatic changes in aggregate morphology and
increases in average molecular weight were observed with
addition of the hybrid peptides ¥25-Kg, 16—20S-K;, and
16—20-Ks to AB. None of these data sets could be fitted to
the semiflexible linear chain model, eq 2. Therefore, the star

is a f5-sheet breaker. In all these cases, the functions of
binding and of fibril formation disruption are incorporated
into the same domain of the compound.

We too realized that fragments offAtself could serve
as templates for the design of molecules that recognjze A
In contrast to related approaches, however, we pursued a
strategy in which the binding and disrupting functions were

model, eq 3, which includes a branching parameter, was usectcontained in separate, adjacent regions of the compound. We

to fit the dataM,, increased 2 3-fold for these three hybrid

demonstrated the utility of this strategy for a single com-
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pound in previous work32). This modular design format
allows optimization of each function of the compound

Pallitto et al.

2:1 molar excess of 1620 or 16-20S, but there was no
change in aggregate morphology. The differing effect of 20

independently, providing a basis for increasing compound 25 or 18-25 versus 1620 or 16-20S suggests that the
activity. Here, we focused our attention on further refinement hydrophobic tripeptide LVF (residues 4719) constitutes the
and optimization of the recognition region of the compounds key recognition feature. The scrambled sequence peptide 16

of interest. The same disrupting domain, hexameric lysine,

was used in all cases.

20S contains the hydrophobic tripeptide VLF at the N-
terminus; since both valine and leucine have branched

The search for an appropriate recognition element centerednonpolar side chains and similar hydropathies, the-lV

on the interior segment of A as several lines of evidence
implicated residues 1723 of Ag in fibril formation (42—

switch is quite conservative. Taken together, these data
identify the sequence KLVFF and related sequences as

46). Our previous studies revealed that a sequence encom<apable of interacting with A, in general agreement with

passing this region, A(15—25), could serve as an effective
recognition element32). We explored the scope of the
recognition element with two objectives: (1) to determine
whether the recognition element alone could interfere with

other published result27, 28), and thus support the choice
of these sequences as recognition elements in the design of
hybrid compounds.

There are several possible mechanisms by which26

Ap aggregation and (2) to ascertain the minimal sequence(and 16-20S) could increase the growth rate of fibrils. For
required for specific recognition. We therefore synthesized example, 16-20 could facilitate the addition of Ato a

a series of 48-mer peptides with overlapping sequences,
including 16-19, 16-20, 16-25, 1720, 18-25, 19-25,
and 26-25.

Since the mechanism by whichgfaggregation and A
toxicity are linked is not yet established, evaluation of
putative AS inhibitors preferably includes both biophysical

growing fibril, perhaps by stabilizing a transitory conforma-
tion required for addition. Alternatively, 2620 could be
incorporated into the elongating fibril, with the increase in
weight and length simply a result of an increase in the
concentration of material available for addition to the fibril.
Or, 16—-20 could decrease the rate of fibril initiation, which

and biological assessment. Biophysical methods used towould result in longer, but fewer, fibrils. The data are

detect and measure disruption gf Aggregation by peptidyl
inhibitors include electron microscop®q) and thioflavin
T (ThT) fluorescence30). Electron microscopy is useful

for visualizing changes in aggregate morphology but provides

only limited information about the aggregation event and is
difficult to quantify. ThT is a fluorescent marker that
recognizes the crogs-structural motif of amyloid fibrils;
fluorescence intensity of the dye is reportedly a linear
function of the mass of amyloidiy). One potential difficulty
with the use of ThT fluorescence as an indicator of a
compound’s inhibitory activity is that a decrease in fluores-

insufficient to discriminate between these and other hypoth-
eses; the mechanism of interaction of-® with full-length
Ap is under further investigation.

Next, we set out to evaluate the effect, if any, of the
disrupting element on A aggregation. To test this we
synthesized a panel of hybrid peptides, utilizing three
overlapping A6 fragments (1525, 16-20, or 20-25) or a
scrambled fragment (£620S) as recognition elements, and
a polar hydrophilic lysine hexamer string as a putative
disrupting element. Three of the four hybrid peptides, those
that contained LVF or a related sequence<{25-Kq, 16—

cence intensity could occur if the test compound blocks ThT 20-Ke, and 16-20S-Ks), caused a dramatic increase in the
binding to amyloid or quenches ThT fluorescence rather thanaggregation kinetics of A as assessed by dynamic light
directly blocking amyloid formation. In preliminary studies, scattering (Figure 3), and a definite change in aggregate size
we found that ThT was fluorescent in the presence of and morphology, as determined by static light scattering
aggregated A and that our compounds caused little or no (Table 3, Figure 5). These results stand in sharp contrast to
reduction in fluorescence intensity. We chose to employ laserthe small changes elicited with the recognition peptides alone.
light scattering as a means to characterize the interactionsPeptides 1620-Ks and 16-20S-K; were active at lower

of the peptides with & in solution. This technique requires molar ratios than 1525-Ks. The fourth hybrid peptide, 20

no probe molecules or labels that could potentially interfere 25-Ks, did not cause a measurable change fhafygregation
with A aggregation. Analysis of scattered light from compared to the recognition peptide-226 (Figure 5). Thus,
particles in a solution illuminated by a coherent light source the biophysical changes occurring upon addition of the hybrid
provides a means for monitoring macromolecular association peptide cannot be attributed simply to a nonspecific effect
in solution in real time48); the method differs fundamentally ~ of the lysine hexamer. These results identify-P®-Kgs as
from turbidity assays. The data are heavily weighted toward the most potent modulator of/Aaggregation.

larger particles; thus the method is most sensitive to the These studies indicate distinct and significant roles for both

species of most interesaggregated A. Furthermore,

the recognition and disrupting elements. Recognition peptides

guantitative information on changes in the average size andsuch as KLVFF, which lack a disrupting domain, cause at

morphology of particles is readily extracted from the data.
It should be noted that light scattering does not directly
measure the mass of amyloid.

We first tested whether peptides containing only recogni-
tion elements alter A aggregation. Peptides 385 and 26-
25 had no effect on A aggregation kinetics, aggregate size,

most subtle changes infRaggregation. On the other hand,
molecules with a disrupting domain but no competent
recognition element are unable to alter the kinetics gf A
aggregation or the morphology of the resulting aggregates.
For example, 2625 was unable to serve as an effective
recognition element alone (Table 2, Figure 4A), and the

or aggregate morphology (Figures 3 and 4, Table 2). Peptideshybrid peptide possessing this recognition element; 2%
16—20 and 16-20S caused modest changes in aggregate sizeKs, was similarly ineffective (Figure 5A). Moreover, the
after 24 h of incubation: the average molecular weight and addition of this polar sequence to-180 leads to a molecule
length of A fibrils roughly doubled in the presence of a of diminished activity, as seen by the reduced potency of
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15—-25-K; relative to 16-20-Ks. The hybrid peptide 16 these compounds provides the basis for new insights into
20S-Ks, in which the scrambled recognition element VLFKF  the mechanisms of Atoxicity. Our data provide indirect
is employed, also displayed significant activity. Taken support for the hypothesis that small soluble oligomers, rather
together, these data identify the hydrophobic tripeptide LVF than large fibrillar deposits, are the toxigiAspecies %0,
(VLF) as a potent recognition element and highlight a crucial 51).
role for the disrupting domain.
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