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Probing the Role of Backbone Hydrogen BondingsiAmyloid Fibrils with
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ABSTRACT. Protein-protein interactions are frequently mediated by stable, intermolegutdreets. A
number of cytokines and the HIV Protease, for example, dimerize thrfgiieet motifs. Evidence also
suggests that the macromolecular assemblies of peptides and proteins in amyloid fibrils are stabilized by
intermoleculaiB-sheets. In this paper, we report that interfering with the backbone hydrogen bonding of
an amyloidgenic peptide (#6—20) by replacing amide bonds with ester bonds prevents the aggregation
of the peptide. The ester bonds were incorporated in an alternating fashion so that the peptide presents
two unique hydrogen bonding faces when arrayed in an extepdettand conformation; one face of the
peptide has normal hydrogen bonding capabilities, but the other face is missing amide protons and its
ability to hydrogen bond is severely limited. Analytical ultracentrifugation experiments demonstrate that
this ester peptide, AL6—20e, is predominantly monomeric under solution conditions, unlike the fibril-
forming AB16—20 peptide. £16—20e also inhibits the aggregation of thes’-40 peptide and
disassembles preformed3A—40 fibrils. These results suggest that backbone hydrogen bonding is critical
for the assembly of amyloid fibrils.

Alzheimer's Disease, Huntington's Disease, systemic details from fibrils made from short peptides such as
amyloidoses, and prion diseases, among others, all share thg-amyloid.

common characteristic of aggregation of peptides and The common feature gf-sheet structure in amyloid fibrils,
proteins into insoluble amyloid fibrilsl( 2). The aggregating  formed by proteins that are otherwise structurally diverse,
proteins in these diseases include thg'Apeptide in  suggests that peptide backbone hydrogen bonding may be
Alzheimer’s Disease, huntingtin in Huntington’s Disease, the important in the assembly and stability of amyloid fibrils.
scrapie form of the prion protein (PrP) in the transmissible Kheterpal et al. 13) recently used hydrogerdeuterium
spongiform encephalopathies, and transthyretin in someexchange to probe the importance of backbone hydrogen
forms of familial amyloidoses. Despite a lack of sequence bonding in A31—40 fibrils. These experiments demonstrated
similarity between these soluble proteins, the amyloid fibrils that ~50% of the backbone hydrogen bonds 1440
share many common characteristics, including proteasefibrils resist exchange even after 1000 h at room temperature.
resistance and extensigesheet structure3( 4). In addition, These data suggest that a highly protected, rigid core structure
amyloid fibrils formed from different proteins exhibit similar  of backbone hydrogen bonds exists in the amyloid fibril.
fiber diffraction patterns and also interact with the dyes Although this study did not identify the protected residues,
Congo Red and thioflavin T3( 5, 6). Despite these there are two distinctly hydrophobic domains iff1A-40:
similarities, recent solid-state NMR experiments with intact the hydrophobic “core domain” between residues 28 and

Af and various fragments of thefApeptide demonstrate the 12 amino acids at the carboxy terminal of the peptide. It
that both parallel and antiparallgtsheet orientations are s likely that many of these protected residues are within
observed in amyloid fibrils 7—12). Indeed, it is not sur-  these two domains.

prising that fibrils made from proteins such as transthyretin -~ We, and others, have recently reported that peptides
and immunoglobulin light chains differ in some structural containingN-methyl amino acids are effective inhibitors of
the fibrillogenesis of £1—-40 (14—17). In our previous
* Corresponding author. E-mail: scmeredi@midway.uchicago.edu. work, N-me_thy_l grOUps V\./ere placed in alte_zrnat!‘ng po§|t|ons
* Department of Biochemistry and Molecular Biology. Email: SO that the inhibitor peptides have two unique faces” when
djg§ordon@midway.uchicago.edu arrayed in g3-strand conformation. One face is capable of
Department of Pathology. forming normal hydrogen bonds withgastrand partner, but
1 Abbreviations: A8, f-amyloid; AD, Alzheimer’s Disease; BOC, g . T
tert-butoxycarbonyl; Bpa, benzoyl-phenylalanine; CD, circular dichro- the other face has limited hydrogen bonding capabilities
ism; DCC,N,N -dicyclohexylcarbodiimide; DIC, 1,3-diisopropylcarbo- because of thé&-methyl groups. We observed that several
diimide; DMAP, 4-(dimethylamino)-pyridine; DPH, 1,6-diphenyl-1,3,5-  N-methyl peptides, based on the hydrophobic core domain
hexatriene; FMOC, 9-fluorenylmethoxycarbonyl; HOB, N-hydroxy- = of Ag1-40, both inhibit fibrillogenesis and disassemble
benzotriazole; HPLC, high-performance liquid chromatography; HFIP, . o
hexafluoroisopropyl alcohol; IC, inhibitory concentration; MBHA, preformed fibrils. CD and NMR data indicate that two of

methylbenzylhydrylamine; TFA, trifluoroacetic acid. these peptides containiMggmethyl amino acids in alternate
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positions, A316—22m and A816—20m, are monomeric  using standard 9-fluorenylmethoxycarbonyl and HBTU/
p-strands in aqueous solutionss( 16). HOBLt (FastMoc) chemistry on an Applied Biosystems model

The replacement of amide bonds by ester bonds has beerf31A peptide synthesizer:
used to investigate the importance of backbone hydrogen
bonding since ester bonds lack the amide proton which, in NHZ—DAEFRHDSGY“‘O EVHHQKLVFF?
an ordinary peptide, is a potential hydrogen bonding site AEDVGSNKGA® [IGLMVGGVV 4O—CONH2
(18—25). At the same time, the ester bond shares many
structural similarities with the amide bond, such as a
predominance of the trans conformation and similar bond
lengths and angle6, 27). In this paper we examine the
role of hydrogen bonds in fibrillogenesis through the use of
peptides containing ester bonds in the place of amide bonds
We hypothesized that the ester substitutions would yield
peptides that were effective inhibitors of fibrillogenesis and
would permit a more direct assessment of the role of
hydrogen bonds in stabilizing amyloid fibrils than the
incorporation of N-methyl amino acids. The latter yield
peptides with an extraordinarily statflestrand structure that

Peptides with a carboxamide at the C-terminal were prepared
by using an Fmoeamide MBHA resin (Midwest Biotech).
Fmoc—para-benzoyl-phenylalanine (FmeBpa) was pur-
chased from Bachem. The ester peptides were synthesized
‘using previously described method$). In short,o-hydroxy
acids (2.2 mmol) were coupled to the resin bound peptide
using 2.2 mmol of diisopropyl carbodiimide, 2.5 mmol of
hydroxybenzotriazole, and 0.8 mmol Nfethylmorpholine

in N,N-dimethylformamide/dichloromethane (1:1, v/v). Cou-
pling was monitored with the Kaiser test and was generally
complete within 30 min. The ester bond was formed by

completely resists denaturation by changes in pH12), activatin -
. g 2.2 mmol of 9-fluorenylmethoxycarbonyl amino
temperature (to 76C) and the addition of denaturants such acid with 2.2 mmol of diisopropyl carbodiimide and coupling

as urea or guanidine HCI (to 8M). The_s_e _results suggest thatfor 3 h in thepresence of 1.2 mmol dfl-ethylmorpholine
the N-methyl groups confer structural rigidity to the peptides. and 0.04 mmol of 4-(dimethylamino)pyridine. The peptides

g]c%d-glct)lr?tr;"r?rzed Zh'?ér;;hse CD;?S?H;&“:ES;W ! zricr)mn;) were purified using a reverse-phase, C18 preparative HPLC
' ining pept u9g yi groups, column (Rainin Dynamax) at 60C. The solvent system

\tl\\//\t:lslf gfgfigtrgrr:%ﬁ 'sitr:irr‘]%:s;:];#ére_i_hrgzg grllsd?nm;rgguczs? contained 0.1% trifluoroacetic acid in water (solvent A) and
X ' : 9 99 0.1% trifluoroacetic acid in acetonitrile (solvent B). Peptide

that N-methyl groups may inhibit fibrillogenesis not only . : .

. : ! : . X purity was greater than 97% by analytical HPLC (Rainin
gfe'rr-]éerliﬂg?rgﬁ?shytﬁ;?ge?eb(;?gmt%’eblﬁgls? gi'sr:)t?;lﬂgr']ngofcw column). The molecular masses of the peptides were
ﬁ-stlrands Suclh steric copnst\;aints could include th(—I:‘ r:alativeVerified with ESI-MS. For A(16-20)m, mz = 812.8

: (expected= 812.78); for A3(16—20)e, Mz = 696.4 (ex-

bulkiness of theN-methyl group compared to the amide pected= 696.2); for A3(16—19)e-Bpa20,mz = 800.0

proton and the twist or distortion of thestrand caused by . —
the N-methyl groups. Both of these factors could interfere ggiggg:ggﬁ iggg))  and for Prp(117121)e,m'z = 431.2

with the efficient packing of peptides into fibrillar aggregates. Fibrillogenesis and Fibril Disassembly Assagiie fibril

These results, therefore, raise the question of the relative; . .. . . .
contributions of hydrogen bonding and steric constraints in inhibition and disassembly properties of the peptides were

. . P : measured using a thioflavin T assay described in previous
the ability of these peptides to inhibit#fibrillogenesis. publications 15, 28). For an inhibition assay, the inhibitor

Thus, the incorporation of ester bonds constitutes a more peptide, dissolved in HFIP, was divided into aliquots. The
below, we demonstrate that the incorporation of two ester pyffer, 150 mM NaCl, pH 7.4. An aliquot of Al—40 peptide
bonds at alternate residues of thg1s—20 peptide, similar  jn HFIP was then added to the solution. The mixtures were
to the incorporation oN-methyl amino acids, prevents the  yortexed for approximately 30 s and then incubated at room
peptide from forming amyloid fibrils. The incorporation of - temperature for 4 days without shaking. The final concentra-
ester bonds also results in the formation of an effective tjon of AB1-40 in the mixture was 10&M. The final
inhibitor of A$1-40 fibrillogenesis. Analytical ultra-  concentration of HFIP in the assay solutions was less than
centrifugation demonstrates that the ester peptide is pre-po4 (v/v), which does not inhibit fibrillogenesig9).
dominantly monomeric, although a small amount of dimeric  For a disassembly experiment3&-40 was incubated
peptide is observed by cross-linking and ESI-MS experi- alone for 4 days to allow fibrils to form, as described in the
ments, in contrast t&l-methyl amino acid-containing pep-  previous paragraph. An aliquot of the fibrils was then added
tides, which do not form dimers. We will also show that the g inhibitor peptide that had been dried from HFIP. The
ester peptide is incorporated into stable, soluble, mixed amount of fibrils remaining intact after a three day incubation
micelle-like structures with &1—40, i.e., in which the £1— at room temperature was assayed using thioflavin T fluo-
40 does not progress to the formation of fibrils. These results yescence and electron microscopy, as described below.

of hydrogen bonding and side chain interactions in the {5 the equation for a hyperbola:

formation of f-amyloid fibrils.

1C e Pl
MATERIAL AND METHODS % Fluorescence= 100%— ———
I(-\’50-’_ [P]

Peptide Synthesis, Purification and AnalySise AG1—
40 peptide was synthesized as the C-terminal carboxylic acidwhereP is the inhibitor:A31—40 ratio and the two param-
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eters, 1Gy and IGqa are analogous tdK, and Vmax
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solution in 50% acetonitrile/0.1% TFA) matrix solution.

respectively, of enzyme kinetics. Since a constant concentra-Approximately 1uL of the mixture was placed on the sample

tion of AB1—40 was used for these experimenis|s a
measure of the inhibitor concentration.
Fluorescence Spectroscopyluorescence measurements

were performed using a Hitachi F-2000 fluorescence spec-

trophotometer as described in previous publicaticdndb,

30). In short, a 5uL aliquot of solution containing fibrils
was injected into 1 mL of a &M thioflavin T solution in

50 mM glycine-NaOH buffer, pH 8.5. The solution was
mixed vigorously by vortexing, and the signal was then
averaged for 30 s with the excitation and emission wave-
lengths set to 446 and 490 nm, respectively.

Congo Red BindingThe Congo Red binding assay was
performed essentially as described in other publicatiéhs (
An aliquot of peptide solution containing 5@y of peptide
was added to 1 mL of a @M solution of Congo Red in 100
mM phosphate buffer, pH 7.4. The solution was incubated

holder and allowed to dry at room temperature. Spectra of
peptides were then acquired in either the linear or reflected
mode with an accelerating voltage of 2B5 kV. Each
spectrum was produced by accumulating data from 100 to
200 laser shots.

Electrospray ionization mass spectrometry (ESI-MS) was
performed using a Perkin-Elmer-Sciex API-300 instrument
in the positive ion mode. The peptides were prepared in either
deionized water or 5 mM NBHCO; and infused into the
MS at a flow rate of 5uL/min using a syringe pump.
Experiments were performed with a capillary voltage of 5
kV, orifice voltage of 30 V, and a ring voltage of 300 V.
Spectra were analyzed using the Biomultiview program
provided by the manufacturer (Perkin-Elmer).

DPH Fluorescence Fluorescence measurements were
performed using a Hitachi F-2000 fluorescence spectro-

for 15 min at room temperature and then the absorbance Wasshotometer. Samples were prepared as described above for

measured from 400 to 600 nm.

Electron MicroscopyFor the electron microscopy—b
uL aliguots (incubation times given above under Fibrillo-
genesis and Fibril Disassembly Assays) from the inhibition

the fibrillogenesis inhibition assay, except that the buffer
contained 5uM 1,6-diphenyl-1,3,5-hexatriene (DPH, Mo-
lecular Probes). The fluorescence measurements were taken
after incubating the samples for 30 min in the dark. The

and disassembly samples were applied to a glow-discharge gy itation and emission wavelengths were 358 and 430 nm,
400-mesh, carbon-coated support film and stained with 1% respectively.

uranyl acetate. Micrographs were recorded using a Philips

EM300 at magnifications of 17 000, 45 000, and 100 000.
Analytical Ultracentrifugation Equilibrium analytical
ultracentrifugation experiments were performed using a
Beckman Optima XLA ultracentrifuge equipped with an
An60Ti rotor and analytical cells with six-channel center-
pieces. 416—20e was dissolved in 100 mM phosphate
buffer, pH 7.4, 150 mM NaCl at concentrations of 0.05, 0.2,
and 1 mM. The equilibrium distribution of peptide was
measured at 20C with rotor speeds of 36 000, 42 000, and
48 000 rpm, corresponding to relative centrifugal fields of
102 000, 139 000, and 181 000 g, respectively, at,, =

RESULTS

Peptide Synthesifigure 1 shows the peptides synthesized
for this work. The unmodified peptide,A6—20 (Figure
1A), is derived from the central, hydrophobic region of
ApB1—40 that is critical for fibrillogenesis. Although this
peptide is an inhibitor of 1—-40 (32), it also aggregates
and forms fibrils on its own, as demonstrated below. The
ester peptide, 816—20e (Figure 1B), is identical to/L6—

20 except that it has two ester bonds in alternating positions.
When this peptide is arrayed in an extendgdstrand

7.04 cm. Scans were performed by measuring the UV conformation, the oxygen atoms of these ester bonds align
absorbance at 220 and 256 nm. Twenty scans were average@n one “face” of the molecule. Th&-methyl inhibitor
at each point with a step size of 0.001 cm. Scans taken 4 hpeptide described in previous work326—20m, is displayed

apart were overlaid to determine whether equilibrium had

in Figure 1C as a comparison to the ester peptide. This

been attained. Partial specific volumes were estimated frompeptide is identical to A16—20e, except that it incorporates
amino acid composition and solvent density was calculated N-methyl groups, rather than ester groups, in alternating

using the SEDNTERP program.
Photoaffinity Cross-LinkingA316—19—Bpa20 (50Q:M)

positions. The PrP117121e peptide (Figure 1D), which also
contains two ester bonds, is homologous to a central region

was incubated either alone or in the presence of a solutionof the prion protein and was synthesized to investigate the

of AB1—-40 (100uM) for 5 min at room temperature. The
mixture was then irradiated at 350 nm in a Hitachi F-2000

fluorescence spectrophotometer for 90 min at room temper-

ature. During the irradiation, aliquots of the mixture were
removed at several points and analyzed by SPSGE or
MALDI-MS.

SDS-PAGE Analysis Tris-Tricine SDS-PAGE was
performed as described by Schagger and von Ja@dyv (

sequence specificity of the inhibition. The final peptide,
Ap16—19—-Bpa20 (Figure 1E), is identical to/6—20e,
except that Phe20 is replaced with a photoreactive benzoyl-
phenylalanine (Bpa) amino acid. This peptide is used for
cross-linking experiments described below.

The ester peptides were synthesized in excellent purity
and yields using established procedures. The stability of the
ester bonds to hydrolysis at pH 7.4 was measured using a

Coomassie Blue staining was used to detect the peptideRP-HPLC assay. Incubation of the ester peptides in 2700 mM

bands.
Mass Spectrometr\Matrix-assisted laser desorption ion-
ization-time-of-flight (MALDI-TOF) mass spectrometry was

phosphate buffer, pH 7.4, at 3 for 24 h resulted in
hydrolysis of 12-14% of the peptide (data not shown).
Incubation of the ester peptides at room temperature,

performed using a Perseptive Biosystems Voyager Pro DE however, lowered this rate of hydrolysis to 2% in 24 h (data

(Framingham, MA) instrument in the positive ion mode. The

not shown). All of the experiments reported in this work,

samples were prepared by mixing peptide solutions with an consequently, were conducted at room temperature to

equal volume ofx-cyano-4-hydroxycinnamic acid (saturated

minimize the hydrolysis of the ester peptides.
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O Ficure 2: Electron micrographs demonstrating the inhibition and
E ° disassembly effects of f16—20e and A416—20 on A31-40
. O fibrillogenesis. (A) Electron micrograph of®—40 fibrils formed
NH CHgCHg in the absence of any inhibitor peptide. Magnificatio.7 000;

inset magnificationx45 000. (B) Electron micrograph of —
40 that was incubated with a 20-fold molar excess Bflg—20

2)4
for 4 days. Magnification,x45000. C) Electron micrograph of
Y ApB16—20 incubated in absence of any other peptides. Magnifica-
é tion, x45000. Panels D and E are electron micrographsf-A

g
CH2 CH 40 incubated with a 20-fold molar excess off¥6—20e in an
CH inhibition or disassembly assay, respectively. Magnificatiof5000.
CH30H3

fibrils are composed of A1—40, A316—20 or a mixture of

20m (C), PrP117121e (D), and /816—19-Bpa20 (E). The figure ~ DOth peptides. As demonstrated in Figure 2¢G16-20 also
depicts these structures as single moleculesstiand conforma-  aggregates to form amyloid fibrils in the absence of any other
tion. All of the peptides shown in the figure are based on residues peptides. Fibrillar material was not observed whefilA
1D6_28 of '35(1 tﬁo) ie., _KLVFthF ”r‘]erﬁ’]‘;ﬁ“gﬁosnh%‘mé?np%g%ue 40 was incubated with the816—20e peptide (Figure 2D),
is based on the sequence of the hu
117-121, i.e.,~AAGAV . In the ester and\-methyl peptides, although some amorphous material was evident. Similar
i i i results were obtained whenA6—20e was added to/AL—

the backbone modifications at alternating residues are aligned on'®=4its -
one hydrogen bonding face of tifestrand. 40 fibrils that had been preformed for 4 days before addition
of the ester peptide (Figure 2E).

Electron Microscopylnhibition of A31—40 fibrillogenesis Thioflavin T AssayA thioflavin T assay was also used as
by the ester peptide was initially investigated with electron a more quantitative assay for fibrillogenesis. Figure 3A
microscopy. The A1-40 peptide was incubated with demonstrates that both3A6—20 and A316—20e inhibit the
different amounts of £16—20e for 4 days at room temper- fibrillogenesis of A31—40 in a concentration dependent
ature. Aliquots were then removed from each sample and manner. The thioflavin T fluorescence is plotted as a function
examined by electron microscopy. The solution @flA-40 of the molar ratio of the inhibitor peptide to theA—40
incubated in the absence of any inhibitor peptide exhibited peptide. Since a constant concentration gLA40 was used
long, unbranched fibrils (Figure 2A). Some fibrillar material for these experiments, the molar ratio of inhibitgf3-40
was also observed whenpA—40 was incubated with the  represents the inhibitor concentration. Th818—20e pep-
AB16—20 peptide (Figure 2B). It is not clear, though, if these tide is a more effective inhibitor than //A6—20, and its

Ficure 1: Structures of £16—20 (A), AB16—20e (B), AG16—
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A 100 e——t———F——————— Table 1: Summary of Fibril Inhibition and Disassembly Data

§ sof \ 3 i inhibition disassembly

= [ peptide 1Go ICmax ICso ICmax

60 | 1

= | Af16—20e 37 100 52 100

2 a0l ] AB16—20m 6.9 100 7.8 100

5 I AB16—20 9.7 100 13.5 100

2 5L . 3 PrP117121e nd nd nd nd

% L

= L L] N . . .

S ° : . p " :O does not induce thioflavin T fluorescence, even under

- Inhibitor : AB(1-40) (mol:mol) conditions in which #816—20 forms typical amyloid fibrils

B that are readily visible by electron microscopy. For this

g1 p 3 reason, thioflavin T fluorescence measurements 6%

2 I 20 need to be interpreted cautiously. In the results shown in

- 8O\ e ] Figure 3A,B, we observed that the addition g8 #6—20 to

= f ] AB1-40 leads to a loss of thioflavin fluorescence. It is not

S I possible to say whether this loss of fluorescence results from

95 s0 [ ] reduction of fibrillar material, or the presence of fibrils that

§ f do not cause thioflavin fluorescence.

2 20 * ] The inhibition and disassembly curves were fit to the

S , L . . ] equation of a hyperbola. The parameters of the hyperbola,

i o T T s T T T e T T s T T T ICs0 and 1Gnax are analogous té,, and Viyax of enzyme

Inhibitor : AB(1-40) (mol:mol) kinetics or analogous terms in hyperbolic equations for

Ficure 3: Inhibition and disassembly of A—40 fibrils assayed Ilgand—receptor |n'.te.ract|ons. The use ,Of th|s equation does
by thioflavin T fluorescence. In panel A, an inhibition assag1A not imply a specific model for the inhibition by these
40 was incubated with different amounts g826—20 (@), A316— peptides, such as whether the inhibitor bingslA 40 in the

20e @), or PrP117-121e @) for 4 days at room temperature.  splution or on the fibril. The equation is used to allow a
Thioflavin T fluorescence was then measured as described in themore quantitative comparison of the peptides. TH#L 6

Materials and Methods section. Data are expressed as the percenta . . T
of signal obtained in the absence of any inhibitor. The curves weregfoe peptide exhibits an kgand |Gyax for fibril inhibition

fit to an equation for a hyperbola and the parameters derived from Of 3.7 and 100, respectively (Table 1). These values are
least-squares fitting, I6 and 1Gnay, are listed in Table 1. In panel  similar to or slightly better than the kgand |Gz 0f Af16—
B, a disassembly assaypA—40 was incubated for 4 days by itself  20m 6.9 and 100, reported in a previous publicatib).(
before the inhibitor peptides were added. The samples were thenln comparison, the A16—20 peptide exhibits an K3of 9.7

incubated for an additional 3 days, at which time the thioflavin T . e
fluorescence was measured. Symbols are the same as those for pan81d @n 1Gax of 100. Although it is difficult to compare

A. different amyloid inhibitors directly, the AL6—20e peptide

is approximately as effective as other peptide inhibitors of
efficacy is similar to or slightly greater than that opA6— amyloid fibrillogenesis 40, 41).
20m. None of the inhibitor peptides cause any thioflavin T Congo Red AssayThioflavin T fluorescence is well-
fluorescence when incubated alone. known as a sensitive assay for the formation of amyloid

The PrP117121e peptide does not exhibit any inhibition fibrils. As shown above and by othe#2 50, 51), however,
of AB1—40 fibrillogenesis. This demonstrates that the pattern some peptides that form typical amyloid fibrils do not cause
of backbone hydrogen bonds alone is not sufficient to preventthioflavin fluorescence, either because the fibrils do not bind
fibrillogenesis, since A16—20e and PrP1%7121e exhibit thioflavin or because binding of the dye by some proteins
identical backbone hydrogen bonding capabilities. Thus, sideor peptides is not associated with fluorescence. Neither
chain interactions appear to be critical for the inhibition of AS16—22 nor A316—20 fibrils, for example, bind thioflavin,
fibrillogenesis by A616—20e, as was also observed for the despite the fact that both peptides form typical amyloid fibrils
peptides containing\-methyl amino acids. visible by electron microscopy and bind Congo Red dye.

AB16—20 and A316—20e are also able to disassemble For this reason, a Congo Red binding assay was also used
preformed A81—40 fibrils (Figure 3B). In this experiment, to investigate both the formation of amyloid fibrils and the
AB1—-40 was incubated in the absence of any inhibitor for inhibition and disassembly of A —40 fibrillogenesis (Figure
4 days. At this point, inhibitor peptide was added, and the 4). Congo Red, an azo dye, exhibits a characteristic increase
samples were incubated for an additional 3 days. Similar to and redshift in its absorbance spectrum when it binds to
the inhibition data, the disassembly ofs&—40 fibrils by amyloid fibrils. Figure 4A demonstrates that both fibrillar
inhibitor peptides was concentration-dependent, gAtiéA- ApB1-40 and A316—20 bind Congo Red, in agreement with
20e was more effective thangA6—20. The PrP117121e the results from electron microscopy. Thg¥6—20e peptide

peptide was not able to disassembl81A-40 fibrils, sug- alone, however, does not cause a change in the absorbance
gesting that disassembly also requires specific side chainspectrum of Congo Red, suggesting that it does not aggregate
interactions. to form amyloid fibrils, again in agreement with results from

Studies of A816—20 revealed a subtlety in the use of electron microscopy.
thioflavin T fluorescence as a technique for measuring the  Figure 4B shows the results of a Congo Red binding assay
extent of fibril formation by this peptide, or by this peptide for Af1—40 incubated with £16—20e and for preformed
in the presence of A1—40. We observed that /16—20 ApS1-40 fibrils to which A316—20e was added. In both
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%gfg_ngg g??b:n&i%ﬂgea%{%gfgggge?]f iﬁgjbaﬁgd(.%r 4 FIGUREDS! (A) Equilibrium analytical ultracentrifugatiorfa 1 mM
days at room temperature was added to 1 mL of@BCongo solution of A316—20e in buffer (100 mM phosphate, 150 mM
Red solution. After a 15 min incubation, the absorbance was NaCl, pH 7.4) at 36 000@), 42 000 W), and 48 000 #) rpm.
measured from 400 to 600 nm. The absorbance of the Congo Red! N€ data are displayed as normalized log plots. The solid lines
solution (J) in the absence of any added peptides is also shown drawn through the data were obtained by fitting the In(absorbance)
for comparison. In panel B, A16—20e was incubated with /AL — Vs radius data to an equation of a sm_gle ideal species. Higher order
40 in an inhibition @) or disassemblyl) assay. Samples were fits resulted in poorer agreement with the experimental data. The
measured as described for panel A. The absorbance spectrum ofesidual differences between the experimental data and theoretical
Congo Red ) in the absence of any peptides is again shown for CUrves are plotted in panel B.
comparison.

for the A516—20m peptide exhibits at most only a very

cases, the spectra for these mixtures are identical to theminor peak at the molecular weight for a dimeric species
control spectrum of Congo Red alone. These results dem-(Figure 6C).

onstrate that £16—20e does not form fibrils by itself and Bpa Cross-LinkingThe mass spectrometry data demon-

both inhibits fibril formation and disassembles preformed strate that £16—20e forms a dimer in solution. Since peak

Ap1—-40 fibrils. intensities in ESI depend on many factors and are generally
Analytical Ultracentrifugation.Analytical ultracentrifu- not considered quantitative, we were unable to estimate the

gation was used to determine if thg@26—20e peptide forms  fractions of monomeric and dimericfA6—20e. The analyti-
small aggregates or oligomers. Data were collected at threecal ultracentrifugation results, however, suggest thzt 6%

rotor speeds on solutions containing three different concen-20e is predominantly monomeric>00%) because the
trations of A316—20e, 0.05, 0.2, and 1 mM. Data are shown measured molecular weight is close to the monomer weight
in Figure 5 for the most concentrated, 1 mM, solution of and the data are best fit by a single ideal species model, as

ApB16—20e. The calculated molecular weight gf26—20e opposed to a monomedimer model.

is 695.87 Da. A molecular weight of 734 32 Da was To examine the ESI-MS data further, we synthesized an
measured in the ultracentrifugation experiment fgtl8— analogue of £16—20e, A316—19e-Bpa20, that contains a
20e, indicating that the peptide is predominantly or entirely photoreactive Lp-benzoylphenylalanine (Bpa) amino acid
monomeric. (Figure 1E). After activation at 356360 nm, Bpa prefer-

Mass Spectrometrylhe aggregation of A16—20e was entially reacts with unreactive €H bonds, even in the
also investigated using ESI-MS, which is an established presence of water and other nucleophiles (Figure 7A).
technique for studying noncovalent protein complexss— Photoaffinity labeling with Bpa is highly efficient and
46). Figure 6A is an ESI mass spectrum for a 2&0I generally exhibits excellent site specificity, somewhat favor-
solution of A316—20e. This spectrum exhibits two major ing C—H bonds adjacent to heteroatom&/{49). Figure
peaks atm/z 696.4 and 1392.4 Da (afiVz valuest 1 Da). 7B shows the MALDI mass spectrometry results for a 500
Since the calculated molecular weight of monomeriti8— uM solution of A316—19—Bpa20 that was irradiated at 350
20e is 695.87 Da, the peak at 1392.4 Da demonstrates thabhm for 30 min. Although most of the AL6—20e is
the peptide forms a dimeric species under the conditions of monomeric (MW= 800.1 Da), after the irradiation a dimer
ESI-MS. The ESI mass spectrometry spectrum fBi 68— (MW= 1624.1 Da) peak is also observed in the mass
20 also exhibits a major peak at the molecular weight for a spectrum, which is consistent with both the ESI-MS and
dimeric peptide (Figure 6B). In comparison, the spectrum AUC data. In contrast to ESI-MS, a noncovalent dimer of
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FIGURE 7: AB16—19—Bpa20 forms a covalent dimer upon irradia-
tion with UV light. The MALDI-MS spectrum of a 50@M solution

of AB16—19—Bpa20 irradiated for 30 min at 350 nm shows peaks
at 800.1 and 1624.1 Da, corresponding to monomeric and dimeric

1815

in deionized water, and the data were collected as described in thes g16-20-Bpa, respectively. The inset panel demonstrates that in
Materials and Methods section. The peaks corresponding to thethe ghsence of irradiation, the dimer peak at 1624.1 Da is not
monomer and dimer molecular weights for each peptide are labeledqgpserved in the MALDI-MS spectrum.

on the spectra.

ApB16—19—-Bpa20 is not observed by MALDI-MS; the inset
of Figure 7B demonstrates that cross-linking does not occur
in absence of irradiation.

AB1—40 and Bpa Cross-Linkingrhe A316—19—Bpa20
peptide was also reacted with$A—40 to determine the
binding stoichiometry. Figure 8A shows SBBAGE results
of AB16—19—Bpa20 incubated with A1—40 for various
amounts of time. Irradiation of the mixture results in the
formation of a complex with a molecular weight slightly
greater than A1—40 alone. Figure 8B shows MALDI-MS
analysis of the irradiated A—40 and A316—19—Bpa20
mixture. Unmodified A1—40 is represented by the peak at

4330.4. The peaks at 5132.6 and 5931.5 Da correspond tq,,: opserved for either the A6

Ap1—-40 cross-linked to one and two/A6—19—Bpa20
peptides, respectively. This experiment, however, cannot
address the question of whether thg1A-40, to which
AB16—19—Bpa20 is bound, is in a monomeric or oligomeric
form because A1—40 is only cross-linked to A16—19—
Bpa20 and not to itself.

DPH FluorescenceTlo investigate the state of aggregation
of the A31—40 peptide that was cross-linked t@26—20e,

by Soreghan et al5@) and shows the effect of increasing
A[1—-40 concentrations on the fluorescence of DPH. Very
litte DPH fluorescence is observed below the critical
concentration of approximately 1001 A51—40. Above this
concentration, though, there is a significant increase in DPH
fluorescence with increasing peptide concentration. Figure
9B demonstrates that16—20e, even when added at a large
molar excess relative to Al—40, does not inhibit the
formation of the micelle-like intermediate offA—40. DPH
fluorescence is plotted as a function of the molar ratio of
the inhibitor peptide to the A1—40 peptide. In all samples,
the concentration of A1—40 is 150uM, and only the
concentration of £16—20e is varied. DPH fluorescence is
20e peptide alone or
monomeric A1—40 in a 9M urea solution (data not shown).

DISCUSSION

The replacement of an amide bond with an ester bond is
an established method for investigating the role of backbone
hydrogen bonding. The ester group is a conservative
substitution for the amide group because both the ester and

we used a 1,6-diphenyl-1,3,5-hexatriene (DPH) fluorescenceamide bond adopt predominantly a trans, planar conformation
assay. DPH is a hydrophobic dye that exhibits a characteristicand share similar Ramachandran pl@&8, 7). The primary

increase in fluorescence when it partitions into a hydrophobic
environment. This dye was previously used to monitor the
formation of a micelle-like /81—40 oligomer that forms
within thirty minutes of the peptide being dissolved in
solution 63). Figure 9A confirms data originally generated

difference between the amide and ester bond is that the
hydrogen bond donating amide NH is replaced with an

electronegative oxygen atom. In addition, the ester carbonyl
is less basic than the amide carbonyl and, as a consequence,
is a weaker hydrogen bond acceptb#)(
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shows SDS PAGE gel analysis of a mixture of/A6—19—-Bpa20 Ficure 9: DPH fluorescence in the presence g81&-40 and a
and A31—40 that was incubated in the absence (lane 1) or presenceyixtyre of AB1-40 and A816—20e. Panel A shows the effect of
(lanes 2, 3, 4, 5, and 6) of near-UV light for different amounts of - az1_40 concentration on DPH fluorescence. Lyophilizef1A
time. Panel B shows MALDI-MS analysis of thef26—19-Bpa20 40 peptide was dissolved in 100 mM phosphate buffer, 150 mM
and A31—40 mixture after exposure to near-UV light. The peak at  NaC|, pH 7.4 containing &M diphenylhexatriene. Samples were
4330.4 Da represents the monomerjé1A-40 peptide. The peaks  incpated in the dark for 30 min prior to measuring the fluorescence.
at 5132.6 and 5931.5 Da correspond #1440 cross-linked to |, panel B, A81-40 was incubated with different amounts of
one and two f&16-19-Bpa20 peptides, respectively. AB16—20e for 30 min in the dark in buffer containing &MV

. . . . diphenylhexatriene. Dat dasth t f signal
This strategy of replacing amide bonds with ester bonds oﬁa?n“g’d iixt?]ge;beseniea;rg%%_sgge ‘E‘,Zptﬁg ereeniage of signa

has been employed in a number of studies investigating both
intramolecular and intermolecular hydrogen bonding interac- demonstrates that this peptide is predominantly monomeric
tions (18—25). Lu et al., for example, used an amide-to- in solution. A disadvantage of analytical ultracentrifugation,
ester replacement to investigate an intermolecular hydrogenhowever, is that it is often difficult to identify weakly
bond stabilizing a protease-inhibitor complef0( 21). aggregating species, particularly for low molecular weight
Similarly, Schultz et al. utilized ester bonds to probe peptides $2). A small amount of a dimeric peptide in the
hydrogen bonding in botl-helix and 5-sheet secondary  presence of predominantly monomeric peptide, for example,
structures 23, 24). Recently, Beligere et al. replaced four is not readily identifiable by analytical ultracentrifugation.
amide bonds that span the length of a helix in chymotrypsin  In recent years, ESI-MS has emerged as a powerful
inhibitor 2 with ester bonds and demonstrated that the proteintechnique for studying weak, noncovalent interactions be-
folds into a functional, although destabilized, struct@®)( tween proteins or between proteins and other ligaA8s-(
Thus, we compared the6—20e peptide to both the 46). Unlike other techniques, such as analytical ultracentri-
unmodified congener A16—20 and the inhibitor peptide  fugation and size exclusion chromatography, ESI mass
ApB16—20m for its ability to form fibrils and inhibit the  spectrometry provides the exact molecular weight of a
fibrillogenesis of A31—40 and disassemble preformeg - complex, even in the presence of high concentrations of other
40 fibrils. All three peptides inhibit fibrillogenesis and species. In electrospray ionization, charged droplets are
disassemble preformed fibrils; the efficacy gf26—20e is generated at atmospheric pressure by spraying a sample under
similar to that of A316—20m, both of which are better a strong electric field. This ionization process is very “soft”
inhibitors than 4816—20. A316—20, though an inhibitor of ~ and leaves the ions largely unfragmented, which facilitates
fibrillogenesis, resembles its parent peptidg1A40, in that the observation of noncovalent complexes. Chen e68), (
it forms fibrils by itself. The A816—20 fibrils appear by  for example, used ESI-MS to investigate the conformation
electron microscopy as long, unbranched amyloid fibrils and and aggregation of the fA—40 peptide. In these experi-
cause the typical redshift in the spectrum of Congo Red dye. ments, monomeric, dimeric, trimeric, and tetramerjglA
These fibrils do not induce thioflavin T fluorescence, 40 species were observed by ESI-MS.
however, a trait shared by other short amyloidogenic peptides ESI-MS analysis of £16—20 and A616—20e demonstrate
(42, 50, 51). In contrast to £16—20, neither A£16—20m that both of these peptides form dimers in solution. The cross-
nor A516—20e forms fibrils, as shown by electron micros- linking results for the £16—19—Bpa20 peptide are con-
copy, and by thioflavin T and Congo Red binding assays. sistent with both the AUC and ESI-MS data because they
A molecular weight of approximately 730 Da was obtained demonstrate that AL6—20e forms a small amount of a
for AB16—20e by analytical ultracentrifugation, which dimeric species in solution, which is not readily detectable
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by analytical ultracentrifugation. ESI-MS concentrates and
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The data in this paper demonstrate th&tL&—20e blocks

desolvates peptides, and for this reason, the results of ESIthe polymerization of £1—40 before the formation of the

MS are difficult to compare directly and quantitatively with
those of analytical ultracentrifugation. Themethyl peptide
does not appear to form a dimer to nearly the same extent
as A316—20 or A316—20e. This is consistent with the recent
report of a pentapeptide, unrelated t@,Ahat contains two
alternatingN-methyl amino acids and exhibitskg > 150

mM for dimerization 7).

These observations are also consistent with our previous
proposal that £16—20m and otheN-methylated peptides

species that binds thioflavin T. We confirmed the findings
of Glabe and associates thgt x-40 forms a DPH-binding,
micelle-like structure with a “critical micelle concentration”
of ~100uM. Our data also suggest thafA6—20e functions

by associating with the intermediate that binds DPH.
Addition of Af16—20e to a molar excess of 40:1 compared
to AB1—40 had little effect on DPH fluorescence, suggesting
that the addition of £16—20e was compatible with pres-
ervation of a micelle-like structure. Furthermore, at the

form distorted or twistegs-strands, which severely hinders concentrations of A16-20e and #1-40 used in this
the formation of dimers. A16—20e, in contrast, can forma  €xperiment, /16—20e forms a cross-linkable, equimolar
dimer, albeit at high concentrations. The high concentration Complex with A31—40. Since the complex of A16-20e

of AB16—20e needed for dimerization indicates a very low and A31—40 is stable in solution, our data suggest that the
affinity constant for dimerization. Nevertheless, these results A#16—20e peptide stabilizes a micelle-likee., DPH
suggest that the ester represents a more conservativdinding—form of A51-40, in such a way that the complex
substitution than thél-methyl amino acid and more fully does not progress toward the formation of fibrils. It is not
preserves the geometry of the unmodified peptide bond. weknown if this micelle structure is an on- or off-pathway
infer, therefore, that the inability of AL6—20e to form |ntermeq|at§ pf f|br|IIo'gene_S|s. Consequently, it is pos_;S|bIe
fibrils, in contrast to the ability of £16—20 to do so, is that the inhibitor peptide either traps an off-pathway inter-
attributable mainly or completely to the loss of two hydrogen Mediate or blocks the progression to fibrils from an on-

bonding sites resulting from the use of ester bonds in place Pathway intermediate. The data in this paper, however, do
of amide bonds in the peptide backbone. not exclude the possibility that the inhibitor peptides also

The similar inhibitory properties of AL6—20e compared blgdtié% the fibril surface, or another form of thefA—40
to Af16—20m also suggest that interfering with hydrogen peptide.

S oy s ; In this paper, we have shown that incorporation of ester
bonding is sufficient to prevent/#L—40 fibrillogenesis and ; . - ; .
that steric contributions from th&-methyl group are not bonds into the £16-20 peptide prevents it from aggregating

; "y . . and forming amyloid fibrils. By placing the ester bonds in
required. Cross-linking experiments demonstrate that pri- alternatinggposit)i/ons, ,516—202 Bvas dgesigned to display,

marily one A316—19—Bpa20 binds to each /L—40 pep- in : )
. . ; a -strand conformation, one normal hydrogen bonding
tide. On the basis of the DPH fluorescence experiments andface and one face with diminished hydrogen bonding

the electron microscopy, it is likely that thefA6-20e . iities due to the absence of amide protons. While this
pep'qde is interacting with an oligomeric, rather than mono- modification prevented the peptide from forming amyloid
meric, form of A81-40. fibrils, mass spectrometry and cross-linking demonstrated that
The detailed pathway of Al—40 aggregation is in-  AB16—20e is still able to form a dimeric species in solution.
completely described. Current data support a nucleation-This feature contrasts with (AL6—20m, in which the
polymerization model which proposes that below a critical N-methyl groups appear to disfavor self-association strong-
concentration of £1—40 the peptide is monomeric and does ly, even at the level of a dimer. The346—20e peptide also
not aggregate5g). If the critical concentration is exceeded, inhibits the fibrillogenesis of £1—40 and disassembles pre-
then small nuclei form during a slow, lag phase. These nuclei formed A31—40 fibrils. It remains an open question, though,
then “seed” the rapid self-assembly of additiongi1A-40 whether disruption ofs-amyloid fibrils is therapeutically
during the polymerization phase. A number of intermediates, advantageous or disadvantageous. Indeed, strong arguments
variously termed oligomers, prefibrils, and protofibrils, have for either side can be found in the literature. Nevertheless,

been postulated to exist at points during fibrillogenesis. None our data suggest that interfering with the backbone hydrogen
of these intermediates have been isolated or characterizedponding of amyloidgenic proteins is a feasible goal, should

however. The temporal relationship of these intermediatesthis prove to be therapeutica”y warranted.
is also unclear.

Glabe and associates have shown thA1L-A40 forms a
micelle-like structure that binds DPH. Neutron and light
scattering experiments have identified a micelle-likg1A
40 oligomer that is composed of approximately—3D
peptides and forms early on the fibrillogenesis pathvi@y-(

61). Temporal analysis of the fibril length distribution
suggests that this micelle structure may be the center of fibril
nucleation €0). It is not clear, though, if this is the same
oligomer that interacts with DPH. Cross-linkingsA—40
with a variety of reagents typically reveals a banding pattern
with a monomet-hexamer stoichiometry29, 62). It is not
clear if the scattering and cross-linking experiments are both
monitoring the same intermediate. Similarly, it is not known
which intermediates interact with DPH.
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