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ABSTRACT: Self-association ofâ-amyloid (Aâ) peptide into cross-â-sheet fibrils induces cellular toxicity
in vitro and is linked with progression of Alzheimer’s disease. Previously, we demonstrated that hybrid
peptides, containing a recognition domain that binds to Aâ and a disrupting domain consisting of a chain
of charged amino acids, inhibited Aâ-associated toxicity in vitro and increased the rate of Aâ aggregation.
In this work we examine the design parameter space of the disrupting domain. Using KLVFFKKKKKK
as a base case, we tested hybrid compounds with a branched rather than linear lysine oligomer, with
L-lysine replaced byD-lysine, and with lysine replaced by diaminopropionic acid. We synthesized a
compound with a novel anionic disrupting domain that contained cysteine thiols oxidized to sulfates, as
well as other compounds in which alkyl or ether chains were appended to KLVFF. In all cases, the hybrid
compound’s ability to increase solvent surface tension was the strongest predictor of its effect on Aâ
aggregation kinetics. Finally, we investigated the effects of arginine on Aâ aggregation. Arginine is a
well-known chaotrope but increases surface tension of water. Arginine modestly decreased Aâ aggregation.
In contrast, RRRRRR slightly, and KLVFFRRRRRR greatly, increased Aâ aggregation. Thus, the influence
of arginine on Aâ aggregation depends strongly on the context in which it is presented. The effect of
arginine, RRRRRR, and KLVFFRRRRRR on Aâ aggregation was examined in detail using laser light
scattering, circular dichroism spectroscopy, Fourier transform infrared spectroscopy, thioflavin T
fluorescence, and transmission electron microscopy.

Amyloid fibril formation is linked to several neurodegen-
erative disorders including Alzheimer’s disease (AD).1 In
AD, â-amyloid (Aâ), a 40-43 residue long peptide cleaved
from the membrane-bound amyloid precursor protein APP,
aggregates into cross-â-sheet fibrils. According to the
amyloid cascade hypothesis, deposition of Aâ fibrils in brain
tissue initiates a cascade of events leading to extensive
neuronal cell death (1-3). Oligomeric intermediates in the
Aâ aggregation pathway may be more toxic than the final
fibrillar deposits (4-10). In agreement with this hypothesis,
we observed that synthetic peptides that accelerate Aâ
aggregation protect against Aâ toxicity (11-13), presumably
by accelerating association of soluble oligomers into fully
formed fibrils and thereby reducing the concentration of
putative toxic intermediates. The effective peptides were
hybrid compounds, containing KLVFF as a recognition

domain to provide binding specificity, linked to a chain of
charged amino acids, such as KKKKKK or EEEE, that act
as a disrupting domain.

In work reported here, we explore the diversity possible
in design of the disrupting domain. KLVFFKKKKKKK
serves as our base case compound. We test the effect on
hybrid compound activity of (a) a branched rather than linear
display of the lysine oligomer, (b) substitution ofD-lysine
for L-lysine, and (c) replacement of the long lysine side chain
[-(CH2)4NH3

+] with the shorter diaminopropionate side
chain (-CH2NH3

+). Previously, we showed that a derivatized
hybrid peptide, in which cationic betaine was incorporated
into the lysine side chains of the disrupting domain,
accelerated Aâ aggregation far more than any other com-
pound (14). Here we extend this work by synthesis and
testing of hybrid compounds in which the oligomeric lysine
is replaced with a derivatized anionic disrupting domain and
with alkyl or ether chains. With all test compounds, we
observe a strong positive correlation between surface tension
increase and Aâ aggregation acceleration.

Betaine is categorized as a strong Hofmeister kosmotrope
(Figure 1), a cosolute tending to stabilize protein structure
(15, 16). Kosmotropes are believed to affect folded protein
stability predominantly through a preferential exclusion
mechanism, a phenomenon that also accounts for the
kosmotrope’s tendency to increase solvent surface tension.
Indeed, the effectiveness of a kosmotrope at stabilizing
protein structure generally correlates with its ability to
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increase solvent surface tension (17, 18). We hypothesize
that the observed correlation between increased surface
tension and acceleration of Aâ aggregation is attributable to
a preferential exclusion mechanism and that our hybrid
compounds act as targeted kosmotropes: since the Aâ
monomer lacks defined structure, aggregated Aâ is the more
structured state and is therefore stabilized. The Hofmeister
series also includes a number of chaotropic cosolutes (Figure
1) that destabilize folded proteins. Their effect is likely due
to preferential interactions between the chaotrope and the
protein (15, 16); unlike kosmotropes, the effect of chaotropes
on protein stability does not generally correlate with solvent
surface tension effects. Arginine is one example of a
chaotropic cosolute that can destabilize folded protein. In
particular, arginine has been shown to destabilize incorrectly
folded proteins (19) and/or enhance the solubility of ag-
gregation-prone species (20), leading to its utilization in many
refolding schemes to suppress protein aggregation (21-26).
We demonstrate very different consequences for Aâ ag-
gregation when arginine is presented as a monomer or as an
oligopeptide or appended as a disrupting domain to KLVFF.
We further demonstrate the importance of multiple biophysi-
cal tools to fully characterize these effects. Results presented
here are useful not only for delineation of the requirements
for effective disrupting domains in Aâ aggregation modula-
tors but also for elucidating the influence of cosolutes on
protein stability and aggregation generally.

EXPERIMENTAL PROCEDURES

Peptides. L-Arginine monohydrochloride (ArgHCl) and
L-arginine (Arg) were purchased from Sigma Aldrich (St.
Louis, MO). Aâ(1-40) was purchased from Anaspec, Inc.
(San Jose, CA). All other peptides were synthesized by Fmoc
solid-phase peptide synthesis with the use of an Applied
Biosystems (Foster City, CA) Model 432A “Synergy”
automated synthesis instrument. Protected natural amino
acids, aminohexanoic acid (Ahx), diaminopropionic acid
(Dpr), and resins were purchased from Novabiochem (La
Jolla, CA). Aminoethoxyethoxyacetic acid (AEEA) was
purchased from Applied Biosystems. One modified peptide,
compound2 (Table 1), required additional synthesis proce-
dures. First, KLVFFCCCE was synthesized on a Wang resin,
with 4-methoxytrityl (Mmt) protection on the cysteine side

chains. Performic acid [1:19 (v/v) 30% H2O2:88% formic
acid] was added to KLVFFCCCE (while still on the resin)
on dry ice to achieve cleavage of the Mmt groups and
subsequent oxidation of the cysteine thiols to sulfates. For
the synthesis of compound6 (Table 1), all lysines, except
the carboxy-terminal lysine, contained Fmoc side chain
protection (instead of Boc protection) so that coupling to
each lysine side chain in addition to each lysine N-terminus
was achieved. After synthesis was complete, peptide resins
were washed with ethanol and dried. Resin cleavage was
accomplished with 95% TFA, and the resulting peptides were
precipitated and washed with diethyl ether. The cleaved
peptides were purified by reverse-phase HPLC (C4 column)
using an acetonitrile/water gradient (Figure 2). Fractions were
collected and analyzed by MALDI-TOF mass spectrometry
(Table 1). Purified peptides were stored as lyophilized
powders at-70 °C.

Light Scattering.The rate of Aâ aggregation and the size
of aggregates were monitored with dynamic light scattering
(DLS) and static light scattering (SLS). First, 10 mL of 8 M
urea in glycine-NaOH buffer (0.1 M, pH 10) was prepared
and filtered with a 0.22µm Millipore Millex GV sterilized
filter. Then∼1 mL of the filtered 8 M urea was filtered a
second time with a fresh Millex GV 0.22µm sterile filter.
The same filtration procedure was used for phosphate-
buffered saline with azide [PBSA; 0.01 M Na2HPO4/NaH2-
PO4, 0.15 M NaCl, 0.02% (w/v) NaN3, pH 7.4], except that
∼70 mL of PBSA was filtered first and then∼3.5 mL was
filtered in the second filtration step. Test compounds were
dissolved directly into double-filtered PBSA. Aâ was dis-
solved in double-filtered 8 M urea at 2.8 mM for 10 min to
ensure solubilization and disruption of any preformed ag-
gregates or secondary structure, and this solution was then
diluted 20-fold into double-filtered PBSA or PBSA contain-
ing test compound. Each sample contained 140µM Aâ with
140µM hybrid compound, 140µM RRRRRR, 5.7 mM Arg,
or 5.7 mM ArgHCl. All samples (except Arg) were at pH
7.4 and contained 0.4 M urea. Samples were quickly filtered

FIGURE 1: Hofmeister series (16). Ions and solutes are ranked, from
left to right, according to their ability to stabilize structured protein.
The location of the side chain groups of lysine, glutamic acid, and
betaine are indicated in the kosmotrope ionic series.

FIGURE 2: Structure and reverse-phase HPLC chromatogram of
crude compounds. The compounds were purified by collecting the
peak corresponding to the desired product, as confirmed by
MALDI-TOF mass spectroscopy analysis (Table 1); for compounds
1 and6, the collected peak is indicated with an arrow.
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through Millex HV 0.45µm filters directly into clean light
scattering cuvettes. DLS data at 90° scattering angle as well
as SLS data (20-135°) were collected using a Coherent
(Santa Clara, CA) argon ion laser at 488 nm and a Malvern
(Spring Lane, U.K.) 4700 system, as described in more detail
elsewhere (13).

Surface Tension. The equilibrium surface tension of hybrid
compound solutions was measured using a FTÅ200 pendant
drop tensiometer (First Ten Angstroms, Portsmouth, VA).
Hybrid compounds were dissolved at concentrations ranging
from 140 to 420µM in double-filtered PBSA that was
prepared identically to the PBSA used in light scattering
experiments. Double-filtered 8 M urea (prepared as for light
scattering experiments) was then added to double-filtered
PBSA, or PBSA containing the hybrid compounds, to give
a final urea concentration of 0.4 M. A droplet of the resulting
solution was then formed at the end of a blunt, 22-gauge
stainless steel needle, and the shape of the droplet was

imaged. The surface tension was measured by fitting the
Young-Laplace equation to the contour of drop shape once
equilibrium was reached. Surface tension values were
determined as the average of duplicate measurements.

In measuring the effects of hybrid compounds on solvent
surface tension, solutions of hybrid compounds were pre-
pared in the same solvent (0.4 M urea in PBSA) that was
utilized for aggregation studies. Unlike the aggregation
studies, however, Aâ was not present when measuring
surface tension. Because the hybrid compounds experience
a different environment in the actual scenario of interest (with
aggregating Aâ present), care had to taken when interpreting
the surface tension measurements. In other words, a com-
pound may change the surface tension of a 0.4 M urea
solution differently than the same compound would change
the surface tension of a solution containing 140µM Aâ in
0.4 M urea. The surface tension of the control case for these
two solutions is different; while 0.4 M urea in PBSA has a

Table 1: Hybrid Compoundsa

a Molecular masses of purified hybrid compounds were determined by MALDI-TOF mass spectrometry (MS).
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surface tension of∼72 dyn/cm, we observed that the surface
tension of a solution of 140µM Aâ in this same solvent
was ∼52 dyn/cm. It was discovered serendipitously that
filtration of the stock solutions used in preparation of the
samples with 0.22µm Millipore Millex GV sterilized filters
reduced the surface tension of the solvent to∼52 dyn/cm,
presumably due to leaching of adsorbed gases used during
filter manufacture. This effect was reproducible but dimin-
ished if larger volumes of solution were filtered. Hence, by
including filtration of consistent volumes of stock solutions
with sterile Millex filters in preparation of every hybrid
compound sample, it was possible to determine the effect
of hybrid compounds on the surface tension of a solution
comparable in its initial-state surface tension to a solution
of 140 µM Aâ.

Circular Dichroism (CD). The secondary structure of
soluble Aâ was determined from circular dichroic spectra
collected on an Aviv 62A DS circular spectrometer (Aviv
Associates, Lakewood, NJ) in the far-UV range 210-260
nm. Samples of Aâ alone or with a test compound were
prepared in an identical manner as samples for light scattering
experiments. After 2 h, samples were placed in 1 mm path
length quartz cells for measurement. The spectrum of the
background was measured first and was subtracted from the
sample spectrum. Test compound was included in the
background for Arg and ArgHCl samples. The lower
wavelength boundary was 210 nm due to the presence of
urea. Spectra were not analyzed quantitatively for secondary
structure due to lack of data below 210 nm.

Fourier Transform Infrared (FTIR) Spectroscopy. The
secondary structure of precipitated Aâ aggregates was
determined using Fourier transform infrared spectroscopy,
performed on a Tensor 27 FT-IR spectrometer with an
A529-P ATR attachment (Bruker Optics Inc., Billerica, MA).
Aggregated samples used for light scattering or circular
dichroism experiments were collected after several weeks
of aggregation. After the samples were centrifuged at 16000g
for 5 min, most of the supernatant was discarded. MilliQ
H2O (50µL) was added to the pellet, and the samples were
vortexed rapidly for 20 s. Samples were then lyophilized to
remove all solvent. The remaining precipitate was placed
on a ZnSe crystal surface and scanned from 1400 to 1800
cm-1 for amide I and amide II absorption.

ThioflaVin T (ThT) Fluorescence. The amount of amyloid
fibril available for binding in Aâ aggregate samples was
determined by measuring ThT fluorescence. Samples of Aâ
alone or with a test compound were prepared in an identical
manner as samples for light scattering experiments, except
(a) the final Millex HV 0.45µm filtration step after dilution
of the Aâ stock solution into PBSA was omitted and (b)
samples were maintained at 37°C during aggregation. A
stock solution of 1 mM ThT in H2O was prepared and filtered
(Millex HV 0.45 µm) into a test tube, which was wrapped
in aluminum foil and stored at 4°C. Immediately before
performing a ThT measurement, the stock solution was
diluted 20-fold with filtered (Millex GV 0.22µm) H2O.
Aggregate samples (10µL) were added to each well of a
96-well plate, followed by 200µL of diluted ThT solution.
Fluorescence was measured with a BioTek Instruments, Inc.
(Winooski, VT), FLx800 microplate fluorescence reader
using an excitation wavelength of 440/30 nm and an emission
wavelength of 485/20 nm.

Transmission Electron Microscopy (TEM). The morphol-
ogy of Aâ aggregates was imaged using a Philips CM120
transmission electron microscope (FEI Corp., Eindhoven, The
Netherlands). Aggregated samples used for light scattering
or circular dichroism experiments were collected after 1-2
weeks of aggregation. After the samples were centrifuged
at 16000g for 5 min, most of the supernatant was discarded.
MilliQ H 2O (50µL) was added to the remaining pellet, and
the samples were vortexed rapidly for 20 s. Samples were
stained with Nano-W (methylamine tungstate) negative stain
(Nanoprobes.com, Yaphank, NY) and were placed on a
pioloform coating grid support film (Ted Pella Inc., Redding,
CA).

RESULTS

Hybrid peptides, comprised of a recognition domain of
KLVFF and a disrupting domain of amino acids with charged
side chains, accelerated Aâ aggregation and inhibited Aâ
toxicity (11-13). One particularly effective hybrid peptide
was KLVFFKKKKKK, with a chain of the cationic kosmo-
trope lysine (Figure 1) as its disrupting domain. We
synthesized hybrid compounds with novel disrupting domains
(Tables 1 and 2) to determine the influence of variations
from the lysine hexamer design. Hybrid compounds were
examined for their influence on Aâ (140 µM) aggregation
using laser light scattering. The surface tension of solutions
of the compounds in PBSA (in the absence of Aâ) was
measured.

We first tested the importance of steric effects, stereo-
chemistry, and side chain length of the disrupting domain.
Using KLVFFKKKKKK as a base case, we examined a
hybrid compound with L-lysine replaced byD-lysine
(KLVFFkkkkkk), a hybrid compound with the long lysine
side chain replaced by the shorter diaminopropionate (Dpr)
side chain (compound5), and a hybrid compound with a
branched rather than linear lysine oligomer disrupting domain
(compound6). The effect of KLVFFkkkkkk on both Aâ
aggregation and solvent surface tension was similar to that

Table 2: Effect of Hybrid Compounds on Aâ Aggregation and
Solvent Surface Tensiona

compound name
purpose of

disrupting domain
effect on Aâ
aggregation

effect on
solvent
surface
tension

KLVFFKKKKKK cationic kosmotrope ++ ++
KLVFFEEEE anionic kosmotrope ++ ++
compound1 stronger cationic

kosmotrope
+++ +++

compound2 stronger anionic
kosmotrope

0 0

compound3 hydrophobic alkyl
chain

0 0

compound4 ether chain - 0
compound5 shorter side chain + +
compound6 branched lysine 0 +
KLVFFkkkkkk stereochemistry ++ ++
KLVFFRRRRRR cationic chaotrope +++ +++

a All hybrid compounds were dissolved in PBSA. To measure the
effect on Aâ aggregation, compounds were mixed with Aâ (140µM)
at a 1:1 molar ratio and analyzed by light scattering. Surface tension
effects were measured using the pendant drop method on solutions
containing 140-420µM test compound. Key:+ to +++, increase to
large increase; 0, little to no change;-, decrease.
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of KLVFFKKKKKK; compounds 5 and 6 had less effect
on both aggregation and surface tension (Table 2).

Betaine contains a substituted amine at its terminus, which
is categorized by the Hofmeister series to be a stronger
cationic kosmotrope than the primary amine of lysine (Figure
1). Appending betaine to the lysine side chains resulted in a
novel hybrid compound, compound1, which increased by
50-fold the hydrodynamic diameter of Aâ aggregates,
compared to KLVFFKKKKKK (14). In addition to KLVFF-
KKKKKK and compound1, previous work demonstrated
that KLVFFEEEE was effective at accelerating Aâ aggrega-
tion (13). KLVFFEEEE contains glutamic acid, an anionic
kosmotrope (Figure 1), in its disrupting domain. On the basis
of these results, we investigated whether incorporation of a
stronger anionic kosmotrope would improve the performance
of KLVFFEEEE. We chose to incorporate sulfate groups by
fully oxidizing the cysteine thiol side chains of KLVFFC-
CCE. The resulting compound, compound2, had almost no
effect on Aâ aggregation (Table 2). Previously, we observed
that compound1, besides greatly accelerating Aâ aggrega-
tion, also greatly increased surface tension of the aqueous
solvent (14). The influence of kosmotropes on protein
stability and/or aggregation generally correlates with their
ability to increase solvent surface tension (17). In sharp
contrast to compound1, compound2 had little effect on the
solvent surface tension. At a concentration of 140µM, for
example, compound1 increased the surface tension of sterile-
filtered PBSA containing 0.4 M urea from 52.2( 0.2 to 59
( 1 dyn/cm, while compound2 produced an increase to only
53.5 ( 0.5 dyn/cm.

These results indicate that surface tension effects may be
more predictive of the influence of hybrid compounds on
Aâ aggregation than the Hofmeister series. We examined
two more hybrid compounds,3 and 4. It was anticipated
that either the alkyl chain of3 or the ether chain of4 might
decrease solvent surface tension. We observed that neither
of these compounds had a significant effect on Aâ aggrega-
tion, with only a slight decrease in aggregation rate resulting
from compound4, and that the compounds correspondingly
had very little effect on solvent surface tension (Table 2).
The data from all of these compounds can be summarized
succinctly by noting that the ability to increase the solvent
surface tension was a strong predictor of a hybrid com-
pound’s ability to accelerate Aâ aggregation (Table 2, Figure
3).

All hybrid compounds with charged disrupting domains
in Table 2 and Figure 3 contain kosmotropic groups
(according to the Hofmeister series) except one: KLVFFR-
RRRRR. Although arginine is similar to lysine in that both
have basic side chains, unlike lysine, arginine acts as a
chaotrope toward many proteins. Chaotropic activity of
arginine normally results in suppression of protein aggrega-
tion and is attributed to affinity of the guanidinium group
for the protein backbone through hydrogen bonding (27) or
through interactions with specific protein domains, such as
aromatic amino acid side chains (26), thus preventing
intermolecular interactions of protein hydrophobic regions
(20). We initially hypothesized that KLVFFRRRRRR might
behave in an opposite manner than other hybrid compounds,
reducing the rate of Aâ aggregation because of arginine’s
chaotropic nature. However, KLVFFRRRRRR accelerated
Aâ aggregation greatly, to levels comparable to the effect

of compound1 (Figure 3). KLVFFRRRRRR also increased
surface tension to similar levels as compound1, supporting
the correlation between increase of Aâ aggregation rate and
increase in surface tension observed for other hybrid
compounds.

Given the marked activity of KLVFFRRRRRR, we chose
to examine the effect of arginine on Aâ aggregation when
arginine is presented in different contexts. We sought to
determine if there would be a greater influence of chaotropic
effects on Aâ aggregation in scenarios where the KLVFF
recognition domain was not present. We tested the effects
of arginine monomer [L-arginine (Arg) and L-arginine
monohydrochloride (ArgHCl)] as well as arginine oligomer
(RRRRRR) on aggregation of 140µM Aâ. Arg and ArgHCl
were both tested at a concentration of 5.7 mM (∼40 times
the molar equivalent of Aâ) because Arg increased the
solvent surface tension at this concentration to similar levels
as 140µM KLVFFRRRRRR (∼20% increase in surface
tension). The salt form of arginine (ArgHCl) was examined
because Arg changes the solvent pH, while the salt form
does not. RRRRRR, which contains the standard, nonsalt
form of L-arginine, was tested at an equimolar (140µM)
concentration to Aâ. At this concentration, RRRRRR
increased surface tension by∼5% and did not change the
buffer pH.

RRRRRR resulted in an increase in intensity of scattered
light, but not nearly to the level as the increase resulting
from KLVFFRRRRRR (Figure 4A). The hydrodynamic
diameter of Aâ aggregates increased nearly 15-fold after 4
h with RRRRRR present, compared to an increase of 140-
fold with KLVFFRRRRRR present (Figure 4B). ArgHCl (pH
7.4) caused a slight reduction in scattered light intensity
(Figure 4C), while the hydrodynamic diameter remained
nearly unchanged (Figure 4D). Arg (pH 9.0) significantly
decreased the scattered light intensity (Figure 4C) but

FIGURE 3: Correlation between surface tension increase of hybrid
compounds (without Aâ present) and increase in weight-average
molecular weight〈M〉w of Aâ plus hybrid compounds (140:140
µM). The surface tension of hybrid compound solutions was
measured using the pendant drop method at two or more concentra-
tions (140-420 µM). The surface tension increase (x-axis) was
determined by plotting surface tension versus concentration and
obtaining the slope by linear regression. SLS measurements were
collected several hours after initiation of aggregation, and the data
were fit to determine〈M〉w, using methods described elsewhere (34).
The increase in〈M〉w (y-axis) was calculated as the measured〈M〉w
minus the molar mass of monomeric Aâ (4.3 kDa), divided by the
number of hours the sample had been allowed to aggregate prior
to SLS measurement.
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increased the hydrodynamic diameter of aggregates (Figure
4D). Since an increase in hydrodynamic diameter represents
an increase in aggregate length while a decrease in scattering
intensity represents a decrease in aggregate molar mass, these
results indicate that fewer, but longer, aggregates form in
the presence of Arg.

We further investigated and compared the influence of
KLVFFRRRRRR, RRRRRR, ArgHCl, and Arg on Aâ
aggregation by looking at the compounds’ effects on ag-
gregate secondary structure and morphology. CD measure-
ments were taken∼2 h after sample preparation. None of
the four test compounds had much effect on the ellipticity
profile (Figure 5), indicating that there was little change in
the degree ofâ-sheet structure present in soluble Aâ

fractions. Similar ellipticity profiles were obtained after 24
h aggregation (data not shown) for Aâ alone or with ArgHCl
or Arg present, which suggests thatâ-sheet structure was
obtained early in the aggregation process and the degree of
structure did not change significantly with time. As previ-
ously reported, no change in CD spectra was caused by
peptides with intermediate effects on Aâ aggregation (i.e.,
KLVFFKKKKKK) ( 33).

We also investigated whether the arginine-containing
compounds were causing changes inâ-sheet structure of fully
aggregated material. To do so, we allowed samples to
aggregate for several weeks, centrifuged the samples,
recovered the precipitate, and collected FTIR spectra in the
amide I stretching frequency region. The existence of a peak
at ∼1625 cm-1 was used as a marker forâ-sheet structure
(28, 29). With RRRRRR or KLVFFRRRRRR present, the
FTIR spectra were nearly identical to the spectra for Aâ alone
(data not shown). With Arg or ArgHCl present, the peak at
1625 cm-1 was observed although there was a slight
reduction in the relative size of the peak.

ThT fluorescence measurements were taken during ag-
gregation of Aâ alone or with the arginine-containing
compounds present to determine the amount of exposed
amyloid fibril binding sites (Figure 6). For Aâ alone, the
fluorescence increased with time, especially after 48 h of
aggregation. ArgHCl had no effect on the ThT profile and
Arg had a very modest effect. Interestingly, ThT fluorescence
was absent in samples containing Aâ with either RRRRRR
or KLVFFRRRRRR, despite the acceleration in aggregation
rate observed in dynamic light scattering and the adoption
of â-sheet structure indicated by CD and FTIR for these
samples.

To examine the morphology of aggregates with arginine-
containing compounds present, we imaged the samples by
TEM. Aâ alone formed typical amyloid fibrils with a
diameter of∼10 nm and lengths of up to 2µm (Figure 7A).
When Aâ was mixed with either ArgHCl or Arg, substan-
tially longer fibrils were observed, especially in the case of
Arg where in some cases no fibril ends were observed in
many successive images (Figure 7B,C). These TEM obser-
vations confirmed results from light scattering, which

FIGURE 4: Aâ was dissolved in 8 M urea and then diluted 20-fold
(to a final concentration of 140µM) into PBSA alone (open square)
or with 5700µM ArgHCl (open circle), 5700µM Arg (solid circle),
140 µM RRRRRR (solid triangle), or 140µM KLVFFRRRRRR
(open triangle). Growth was followed by dynamic light scattering.
(A) Average scattered intensity for Aâ alone and in the presence
of RRRRRR or KLVFFRRRRRR. (B) Average hydrodynamic
diameter for Aâ alone and with RRRRRR or KLVFFRRRRRR as
determined by cumulant analysis of autocorrelation data. (C)
Average scattered intensity for Aâ alone and in the presence of
Arg or ArgHCl. (D) Average hydrodynamic diameter for Aâ alone
and with Arg or ArgHCl as determined by cumulant analysis of
autocorrelation data.

FIGURE 5: Aâ was dissolved in 8 M urea and then diluted 20-fold
(to a final concentration of 140µM) into PBSA alone (dark thin
line) or with 140µM RRRRRR (dashed line), 140µM KLVFFR-
RRRRR (light thin line), 5700µM ArgHCl (light thick line), or
5700µM Arg (dark thick line). After 2 h, samples were placed in
1 mm path length quartz cells for circular dichroism spectrum
measurement. The spectrum of the background was measured first
and was subtracted from the sample spectrum. Test compound was
included in the background for Arg and ArgHCl.

FIGURE 6: Aâ was dissolved in 8 M urea and then diluted 20-fold
(to a final concentration of 140µM) into PBSA alone (open square)
or with 5700µM ArgHCl (open circle), 5700µM Arg (solid circle),
140 µM RRRRRR (solid triangle), or 140µM KLVFFRRRRRR
(open triangle). Samples were maintained at 37°C during aggrega-
tion, and ThT fluorescence was measured at various time points
with an excitation wavelength of 440 nm and an emission
wavelength of 485 nm.
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indicated that samples of Aâ with Arg present contained
fewer, longer aggregates than Aâ alone. The fibrils were very
similar in diameter and general appearance to typical Aâ
fibrils. In sharp contrast, RRRRRR and especially KLVF-
FRRRRRR produced a marked change in aggregate mor-
phology despite minimal changes in CD and FTIR spectra.
With RRRRRR present, fibrillar aggregates were still
observed, but these tended to be much shorter and more
clumped (Figure 7D). With KLVFFRRRRRR present, no
aggregates with fibrillar morphology were observed; rather,
large globular-like clumps of material were observed (Figure
7E). Thus, CD and FTIR indicated minimal secondary
structural effects of KLVFFRRRRRR on Aâ, but TEM and
light scattering both show very large effects on aggregate
morphology and size.

In summary, arginine-containing compounds had very
different effects on Aâ aggregation depending on the context
in which arginine was presented. Arg monomer supports the
formation of fewer, longer aggregates, as indicated by both
light scattering and TEM results. Except for length, these
aggregates are almost morphologically indistinguishable from
Aâ fibrils, and there is little change in secondary structure
of soluble or precipitated aggregates. With arginine hexamer
in the disrupting domain of a hybrid compound (KLVFFR-

RRRRR), there were minimal changes in the secondary
structure of soluble or precipitated Aâ, yet there was a
significant acceleration in aggregation kinetics, resulting in
the formation of clumpy aggregates packed so tightly that
fibrillar morphology was no longer observable. These results
show that arginine has drastic effects on the path of Aâ
aggregation and that these effects are extremely different
depending on the presentation context.

DISCUSSION

The Hofmeister series lists cosolutes according to their
tendency to either stabilize (kosmotropic) or destabilize
(chaotropic) protein structure (Figure 1). Kosmotropes
stabilize proteins generally through their influence on the
solvent (15, 16). Nearly always, effective kosmotropes
increase solvent surface tension (17, 18). Kosmotropes are
preferentially excluded from the protein surface, similar to
their preferential exclusion from the air-solvent surface that
results in increased surface tension (15, 27, 30). Preferential
exclusion of cosolutes from the protein surface enhances
hydrophobic interactions that drive the protein to its most
structured (or compact) state.

With Aâ, the amyloid fibrillar aggregates are much more
structured and compact than the natively disordered mono-
mer. Hence, the acceleration of Aâ aggregation caused by
our hybrid compounds may be best explained by the protein
structure-stabilizing effect of Hofmeister kosmotropes. The
increase in solvent surface tension of solutions of hybrid
compounds correlated well with their ability to accelerate
Aâ aggregation (14; Figure 3). This effect occurred when
the disrupting domain of the hybrid compounds included
moieties that have kosmotropic character, such as lysine,
glutamic acid, and betaine.

KLVFFKKKKKK served as a base case for analysis of
the influence of changes in the disrupting domain on activity.
We first determined the effects of changes in the stereo-
chemistry (KLVFFkkkkkk), side chain length (compound5),
and geometry (compound6) of the disrupting domain.
Compound6 had very little effect on aggregation, compound
5 accelerated aggregation slightly, and KLVFFkkkkkk ac-
celerated aggregation similar to KLVFFKKKKKK (Table
2, Figure 3). Hence, it is evident that there is significant
importance in maintaining the straight chain orientation of
the lysine disrupting domain, some importance in maintaining
the side chain length, but very little importance in maintain-
ing theL-amino acid stereochemistry. Interestingly, the varied
effects of these compounds on aggregation correlated with
their effects on solvent surface tension (Table 2, Figure 3),
suggesting that solvent effects, rather than specific residue
contacts between the disrupting domain and Aâ, are respon-
sible for their effect on aggregation.

Although the sulfate group is generally an effective anionic
kosmotrope (16), compound2 was ineffective at accelerating
Aâ aggregation. We considered two possible explanations
for the lack of activity of compound2. One possibility is
that the sulfate groups of compound2 interact with specific
sites on Aâ and, thus, cannot be preferentially excluded from
the protein surface. This effect has been observed in several
other cosolute/protein systems (15, 17, 30, 31). Another
explanation is that incorporating sulfate groups on the side
chains of the disrupting domain does not provide the same

FIGURE 7: Aâ was dissolved in 8 M urea and then diluted 20-fold
into PBSA (to a final concentration of 140µM). (A) A â alone, (B)
with 5700µM ArgHCl, (C) with 5700µM Arg, (D) with 140 µM
RRRRRR, and (E) with 140µM KLVFFRRRRRR. After 1-2
weeks of aggregation, samples were centrifuged, and the precipitated
aggregates were collected, diluted, and vortexed. Samples were
negatively stained and were placed on a pioloform coating grid
support film for transmission electron microscopy imaging. The
white bars represent 200 nm length.
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effect as free sulfate ions in solution. Although designed to
contain a disrupting domain that mimics sulfates, compound
2 did not function as a kosmotrope, as witnessed by its lack
of surface activity, and it had little effect on Aâ aggregation
(Table 2, Figure 3). These results suggest that the surface
tension effect is of greater importance than the chaotropic
or kosmotropic classification of moieties incorporated into
the disrupting domain.

Compounds3 and 4 were investigated to determine if
hybrid compounds could reduce surface tension and, thus,
potentially decrease aggregation rate. The hydrocarbon nature
of aminohexanoic acid (Ahx) and the PEG-like nature of
aminoethoxyethoxyacetic acid (AEEA) suggested that there
was potential for either or both of these compounds to
decrease the solvent surface tension. The later elution time
in reverse-phase HPLC purification of these two compounds
indicated hydrophobic character (Figure 2). However, neither
of these compounds had any significant effect on Aâ
aggregation nor on the surface tension (Table 2, Figure 3).

Arginine is characterized by the Hofmeister series as a
chaotrope (16) and has been utilized for suppression of
protein aggregation during protein refolding (21-26, 30).
We wondered whether arginine, either alone or incorporated
into a disrupting domain, would destabilize the folded
amyloid fibril relative to the unfolded monomer and thereby
reduce Aâ aggregation. Since chaotropic destabilization
involves specific attractive interactions between the chaotrope
and protein domains, the effect of a given chaotrope depends
on the protein/peptide in question (27, 30, 32). Although
arginine is classified as a Hofmeister chaotrope, the cosolute
increases surface tension of aqueous solutions and stabilizes
some proteins (26, 27). Indeed, we observed that KLVFFR-
RRRRR greatly enhanced Aâ aggregation and increased the
solvent surface tension to levels nearly as high as compound
1 (Table 2, Figure 3). One explanation for the effect of
KLVFFRRRRRR on Aâ aggregation is that arginine does
not favorably associate with Aâ, so solvent effects dominate.
Alternatively, it is also possible that arginine alone is
chaotropic with Aâ but, when placed in the context of a
multimeric disrupting-domain chain, it is not able to specif-
ically interact with Aâ, again allowing the solvent effects to
dominate.

In addition to KLVFFRRRRRR, we examined the influ-
ence of arginine and oligoarginine on Aâ aggregation.
Results of our detailed analysis of the effects of the arginine-
containing compounds may perhaps be best understood by
considering the data in the context of a proposed kinetic
model (6; Figure 8). Briefly, the model proposes that
unstructured Aâ monomers (Munfolded) quickly “refold” along
two alternative pathways upon dilution into buffer at physi-
ological pH. One path leads to formation of stable nonamy-
loidogenic monomers (M) and dimers (D), while the other
path produces an amyloidogenicâ-sheet intermediate (I). I
self-associates into an oligomer (N), initiating filament (f)
formation. I alternatively adds to the ends of N or to the
ends of growing filaments in elongation steps. Since initiation
is proposed to have a higher reaction order than elongation,
the balance between initiation of new filaments vs filament
growth is strongly concentration-dependent. Filaments are
hypothesized to laterally align into fibrils (F) in a relatively
slow step. Experimental support for this model has been
published (6).

Arg caused an increase in the hydrodynamic diameter of
Aâ aggregates with a corresponding decrease in scattering
intensity (Figure 4C,D), indicative of the formation of fewer,
longer aggregate species. This finding was confirmed by
TEM, where a few fibrils of indefinite lengths were observed
(Figure 7C). If, indeed, initiation is a higher reaction order
process than elongation, then the presence of fewer fibrils
of increased length suggests that arginine reduces the fraction
of Aâ participating in the amyloid pathway (Figure 8).
Further support for this idea comes from the observation by
FTIR of a minor loss inâ-sheet structure of precipitated
material with Arg present and the qualitative observation that
there was less visible precipitate with Arg present.

Since the alkaline nature of Arg increased the buffer pH
(from 7.4 to 9.0), we also tested ArgHCl for its effect on
Aâ aggregation. ArgHCl also caused a decrease in scattered
light intensity (observable after 15-20 h), although its effects
were mild compared to Arg. Similar to Arg, ArgHCl caused
a slight loss inâ-sheet structure of precipitated material and
resulted in less visible precipitate after several weeks of
aggregation.

RRRRRR accelerated Aâ aggregation, but not nearly as
much as KLVFFRRRRRR (Figure 4A,B). Here we are most
likely seeing activity from the effects on solvent properties
(similar to what we have speculated for KLVFFRRRRRR),
but the effect is extremely diminished without KLVFF
present. We hypothesize that the binding capability of
KLVFF allows Aâ to experience a more significant change
in solvent properties because of the localization of the
compound. Indeed, KLVIIKKKKKK increased solvent sur-
face tension but had little or no effect on Aâ aggregation
(data not shown), and KLVII unlike KLVFF has no binding

FIGURE 8: Simplified Aâ aggregation kinetic model (6).
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affinity for Aâ (30), demonstrating the important contribution
of the recognition domain.

KLVFFRRRRRR and RRRRRR, in addition to accelerat-
ing the rate of Aâ aggregation, produced morphologically
distinct aggregates (Figure 7D,E); RRRRRR plus Aâ pro-
duced aggregates that appear by TEM to be clumps of short
fibrils, while KLVFFRRRRRR plus Aâ aggregates had an
amorphous appearance. However, there was very little change
in secondary structure of either soluble or precipitated
aggregates; the apparent minor degree of structural loss
evident in CD for both of these compounds (Figure 5) is
most likely attributed to contribution to the signal from the
unstructured backbone of KLVFFRRRRRR or RRRRRR.
The observed effects could be a result of extensive lateral
packing of aggregates withâ-sheet structure. An increased
rate of lateral association (relative to elongation) of filaments
would produce stacks of shorter, thicker fibrils, which could
result in aggregates that have more of the observed clumpy
morphology instead of the typical fibril-like morphology.
This extreme packing could have the effect of burying
â-sheet domains that would normally be exposed in indi-
vidual fibrils, causing the domains to be excluded from ThT
binding; such behavior could explain the lack of ThT
fluorescence with RRRRRR or KLVFFRRRRRR present
(Figure 6). Together, these results suggest that these two
compounds may affect later stages of the aggregation process,
increasing the kinetics of lateral association (kla) of filaments
into fibrils (Figure 8) but not altering the fraction ofâ-sheet
material participating in the amyloid pathway.

The proposed effect of KLVFFRRRRRR and RRRRRR
on later stages of the Aâ aggregation process is similar to
the effect observed for KLVFFKKKKKK, which was shown
to influence Aâ aggregation by increasingkla (33; Figure
8). Of these three compounds, only KLVFFKKKKKK
contains a disrupting domain that is characterized as a
Hofmeister kosmotrope; however, all of these compounds
share the common characteristic of increasing solvent surface
tension, and it seems that this effect governs their influence
on aggregation. This solvent effect is known to stabilize
structured protein by enhancing hydrophobic interactions
(15), and hydrophobic interactions are most essential in
driving lateral association of Aâ aggregates. In contrast, the
effect of monomeric arginine is most likely attributed to
chaotropic protein binding interactions. It is likely that
binding and destabilization occur at initial aggregate stages,
reducing the amount of amyloidogenic Aâ that can further
proceed to form fibrils.

Compounds with arginine presented in different contexts
influenced Aâ aggregation in strikingly different ways. An
interpretation of the differences was only possible by analysis
of aggregation with several techniques. For example, if the
ThT assay alone was used to measure the effect of RRRRRR
or KLVFFRRRRRR on Aâ aggregation, one might conclude
that these compounds inhibit Aâ aggregation. However, light
scattering and TEM demonstrated that, in fact, Aâ is
significantly aggregated in the presence of these compounds.
Hence this study demonstrates the benefits of using multiple
techniques to analyze protein/peptide aggregation charac-
teristics.

This work may be relevant to other protein folding/
aggregating systems. Using the strategy outlined here, it may
be possible to develop a general approach toward designing

compounds that alter protein folding/aggregation by specif-
ically targeting protein domains with a recognition domain
and incorporating surface tension modifying elements in the
disrupting domain.
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