Biochemistry1997,36, 8393-8400 8393

Polyalanine-Based Peptides as Models for Self-Associjatetbated-Sheet
Complexe$

Sylvie E. Blondelle,* Behrouz Forood, Richard A. Houghten, and EnriqueZRaya*
Torrey Pines Institute for Molecular Studies, 3550 General Atomics Court, San Diego, California 92121
Receied December 9, 1996; Rised Manuscript Receed March 31, 1997

ABSTRACT. The occurrence of-sheet motifs in a number of neurodegenerative disorders has brought
about the need for thée nao design of soluble modgi-sheet complexes. Such model complexes are
expected to further the understanding of the interconversion processes that occur from cellular allowed
random coil oro-helical conformation into insoluble cell-deleterigiipleated-sheet motifs. In the present
study, polyalanine-based peptides (i.e., derived from Ag-KANH,) were designed that underwent
conformational changes from monomeric random coil conformations into soluble, macromolecular
B-pleated-sheet complexes without any covalent modification. The interconversion was found to be length-,
environment-, and concentration-dependent and to be driven by hydrophobic interactions between the
methyl groups of the alanine side chains. A series of substitution analogs of Ag<KMH, was used

to study the amino acid acceptability within the hydrophobic core of the complex, as well as at both
termini. The formation of amyloid plaques in a number of amyloidogenic peptides could be related to
the presence of amino acids within their sequences that were found to have a high propensity to occur in
these modepB-sheet complexes.

The design of peptide complexes having well-defined Lansbury, 1995). In prion diseases, the cellular prion protein
structures appears to be increasingly feasible. Due toPrP, which is essentially-helical (Gasset et al., 1992), is
extensive studies using single model peptides, it now appearsconverted by a post-translational process into an abnormal
possible to design peptide complexes having defined secondself-assembling pathogerfiesheet isoform, designated PtP
ary structures. The-helical motif has been the most studied = that accumulates in the extracellular space as amyloid plagues
designed motif due to both its high frequency in naturally (peArmond et al., 1985). A significant problem in the study
occurring proteins and to the relative simplicity of designing  of these self-assembling complexes is the extremely insoluble
water solu_blea-hellcal p_eptlde_s with defmed aggregation patyre of the pathogenig-pleated-sheet complex. To
states. This contrasts with the inherent difficulties associated ;\,arcome this problem, efforts have been directed toward
with the qe nao deS|gn of solubleﬁ—gheet structures. o development of simple, soluble peptide systems that
Recently, |n'Ferest has arisen for thelde.,-3|gn of highly SOIUbIe’ permit the systematic study of interconformational changes
;gnodel peptide sequences that mimic naturally occurring occurring from a “native” monomeric structureftepleated-

-sheet motifs. This is an important step in the further o )
understanding of interconformational processes, such as thos<§heet complexes. Wa_ter solubility wo uld al_so pe_rmlt the

development of experimental strategies to investigate the

in which naturally occurring peptides undergo interconver- di ! ¢ th | dor the inhibiti fi
sion from cellular-allowed conformation (i.e., random coil f|sruptt.|on of the complex and/or the inhibition of its
ormation.

or a-helical) to a cell-deleterioys-pleated-sheet conforma-
tion (Jarrett et al., 1993; Pike et al., 1993; Barrow &  We have recently designed a peptide that undergoes
Zagorski, 1995; Nguyen et al., 1995). The development of changes from a native monomeric and intramolecularly
a number of neurodegenerative disorders has been linked tastabilized partiati-helical conformational state into a soluble,
conformational interconversion to highly stable, insoluble macromoleculas-pleated-sheet complex stabilized via tight
p-sheet aggregates. For example, the major component ofintermolecular hydrophobic interactions in both faces of the
senile plaques and cerebrovascular amyloid deposits foundresulting 8-sheets (Forood et al., 1995¢ iee-Payaet al.,

in the brain of patientS with Alzheimer’s disease is the 1996) Alanine was selected as the primary amino acid of
p-amyloid protein §-A4), an insoluble aggregated 39 t0 42 e peptide sequence in order to obtain monomefielices
amino acid fragment from the amyloid precursor protein nder mild buffer and temperature conditions; thedeelices

(Wong et al., 1985; Masters et al., 1995)-A4 fibrils are \\are expected (Marqusee et al., 1989; Chakrabartty et al.,
characterized by a high percentage fbheet structure, 1994y and found, to be stabilized via intramolecular interac-

\évgfrcﬁsforpn?g??nerf?ﬁ ‘?.g(r)]pt;:rr%redgrg'gag:lsyk.ra?ggg tions. Hydrophilic residues (lysine in the initial series) were
! lon ution ( W 9 h ' incorporated at both extremities and were found to provide
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environment- and concentration-dependent manner: a partiatructure of peptides was estimated using the curve-fitting
monomerico-helical conformation and a compact multi- procedure described by Yang et al. (1986).

component macromoleculArpleated-sheet structure that is Fourier Transform Infrared SpectroscopyThe spectra
extremely stable and aqueous soluble. The macromoleculaivere recorded on a Impact 400 FTIR spectrophotometer
complex was found to have greatly enhanced resistance to(Nicolet Analytical Instrument, Madison, WI) at 2 cf

proteolytic enzymes (Forood et al., 1995r&ePayzet al., resolution using the KBr disc method. One thousand scans
1996), as described for the pathogenic Pi®esch et al.,  were averaged for data recorded from 400 to 4000%cm
1985). The aggregated form was obtained following an overnight

In the present study, the physicochemical properties of theincubation at 65°C of a 5 mg/mL solution of monomeric
B-pleated-sheet complexes were further investigated by Ac-KYA 13K-NH> and lyophilization. KBr discs were pre-
circular dichroism (CD) and reversed phase high-perfor- pared using a peptide:KBr weight ratio of 1:100.
mance liquid chromatography (RP-HPLC). This study  Microscopic MeasurementsThe aggregated form of Ac-
involved 62 different peptide analogs of Ac-K&-NH.. KYA 13K-NH; was obtained following an overnight incuba-
Truncation and elongation analogs were prepared to studytion at 60°C of a 20 mg/mL solution of the monomeric form.
the minimum length necessary to induce the complex Of the aggregate suspension, 1l was placed on a
formation, while substitution analogs were used to determine microscope slide, air-dried at 5C, rinsed with water, and
the acceptability of amino acids on the complex formation stained with saturated solution of congo red in 80% ethanol.
and stability. The compactness of the complex core was After successive washes with water, 80% ethanol, absolute
characterized by determining its accessibility to intercalating ethanol, and water, the stained sample was visualized by

agents. bright field and polarized light microscope (magnification
x400).
MATERIALS AND METHODS Negatively stained fibrils were prepared by spottingl5

of the aggregated suspension onto carbon-coated copper

Peptide Synthesis and PurificationAll peptides were grids. The samples were stained with 2% (wiv) uranyl

prepared by simultaneous multiple peptide synthesis using . e . .
p-methylbenzhydrylamine resin and standard Boc chemistry acetate in water. The air-dried Sa.mp'e was visualized by
(Houghten, 1985; Houghten et al., 1986). Peptides were electron_mlcroscopy at 100 kv (Eh|l|ps E'V'i3_°°)- .
extracted with 10% acetic acid in water. To obtain the _ R€action of DTNB with Cysteine-Containing Peptides
monomeric population (versus the high molecular weight Stock solutions of the monomeric or aggregated forms of
complex), the peptides were treated with neat trifluoroacetic AC-KYA 7CAsK-NH; and 5,5-dithiobis(2-nitrobenzoic acid)
acid (TFA), followed by dilution with 9 vol. of water prior ~ (DTNB; Sigma, St. Louis, MO) were prepared in 50 mM
to purification. TFA is known to reduce hydrophobic 17S (PH 7.4). Appropriate volumes of each stock solution
interactions and has been used in other studies as aVere mixed to reach a final concentration of peptide and
disaggregative solvent (Larsen & Holm, 1994). Preparative O1NB of 150 and 75Q:M, respectively. The appearance
purification of the peptides was performed on a preparative of 2-nitro-5-thiobenzoate anion was followed spectroscopi-

Vydac C-18 column (Alltech Associates, Los Altos, CA) cally by monitoring the increa_se in optical density (OD) at
(ODS 5um, 25 cmx 22 mm). The peptides were stored as 410 nm (Dekin et al. 1963) using a Hewlett-Packard 8452A

a lyophilized powder at-20°C. Laser desorption time-of- dioder spectrophotometer (Fullerton, CA). RP-HPLC and
flight mass spectroscopy analysis (Kratos Kompact Maldi- Mass sp_ect'rometry.were usgd to assess the completeness of
Tof mass spectrometer, Ramsey, NJ) was used to determindn€ Peptide’s chemical modification.
the identity of the peptides. Gentisic acid ametyano-4- RESULTS
hydroxycinnamic acid (Aldrich, Milwaukee, WI) were
rOUtiner used as matrixes. Analytical RP-HPLC was carried Characterization of Po|ya|anineBased Peptides The
out using Vydac C-18 columns (ODSx35 cmx 4.6 mm  synthesis of the peptide Ac-KAK-NH, was shown in a
and 5u, 25 cmx 4.6 mm). The mobile phase consisted of previous study to result in the formation of two distinct
0.05% TFAin HO (pH 2.5) and 0.05% TFA in acetonitrile.  entities (Forood et al., 1995). The main population eluted
Peptide elution was monitored at 214 nm using a 3% per gs a broad peak in RP-HPLC and was found to be a
min increasing gradient. Quantitation of the RP-HPLC peak macromolecular complex (molecular mass exceedifidH)
areas of the different conformation-dependent peptide popu-having a clea-sheet conformation. The residual population
lations was carried out using a Beckman System Gold (less than 10% of the original crude peptide) eluted earlier
software (Beckman Instruments, Fullerton, CA). as a sharp peak during RP-HPLC, which was found to be a
Circular Dichroism MeasurementsAll measurements  monomeric peptide showing a partehelical CD spectrum
were carried out on a Jasco J-720 CD spectropolarimeter[53% o-helical conformation as estimated using Yang et al.
(Eaton, MD) equipped with a Neslab RTE 110 water bath (1986) algorithm (Figure 1)]. Furthermore, thg: 0,0 ratio
and temperature controller (Dublin, CA). CD spectra were was indicative of the presence of a single-stranadtelical
the average of a series of three to seven scans made at 0.2onformation [ratio lower than 1 (Zhou et al., 1992)]. The
nm intervals. Peptide concentrations were determined by substitution by a tyrosine residue at the N-terminal region
UV spectrophotometry at 276 nm, using the reported (Ac-KYA13K-NH7) did not modify the conformational
extinction coefficient for tyrosineepss = 1420 M~ cm?! behavior of the model peptide, and enabled a more accurate
(Marqusee et al., 1989)], or by quantitative amino acid determination of the peptide concentratiori rg2ePayaet
analysis (Multiple Peptide Systems, San Diego, CA). El- al., 1996). It should be noted that the spectrum observed
lipticity is reported as mean molar residue ellipticit}] jn for the B-sheet complex does not precisely match the CD
degree squared centimeters per decimole. The secondargpectra expected for such a conformation. In a standard
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9.0X10* HPLC profile was observed even after 200 h incubation. The

A CD spectra of the peptide prior to and following the
incubation showed similar partial-helical conformations
(data not shown). Increased concentrations of Ac-KxKA
NH, progressively resulted in the occurrence of the inter-
conformational process to theé-sheet conformation. As
shown in Figure 3, thg-sheet complex formation was found
to be independent of the incubation time. The profile of
\ the concentration-dependence curve observed for the inter-
i conversion indicates that Ac-KYAK-NH, may form mi-
celle-like aggregates (Figure 3) with a critical concentration
of 1 mM at 65°C.

The effect of temperature on the formation of the observed
Ac-KYA 13K-NH; -pleated-sheet complex was investigated
in order to determine if the self-assembly process was
stabilized by the “hydrophobic effect” or by a competition
between inter- and intramolecular hydrogen bonds. As
Ficure 1: CD spectra of monomeric and complexed Ac-Ki- shown in Figure 4, thg-pleated-sheet complex formation

NH,. The CD spectra were recorded in 5 mM MOPS buffer, pH 7, P :
at 25°C. (—) Monomeric state at 100M; (~+-) complexed form was found to be significantly increased upon temperature

obtained after overnight incubation at 85 of a 1.8 mM solution ~ €levation. These results support the premise that the
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and posterior dilution to 10@M; (— —) Ac-LKLKLKLKLK- stabilization is resulting from hydrophobic interactions and,
LKLKLK-NH ; in the presence of 2.47 mM SDS (Blondelle et al. in turn, in the formation of a micellar type of aggregate.
1995a) as a standajiisheet conformation control. Under the conditions studied (3 h incubation, peptide

i i ) .. concentration of 1.8 mM), the critical temperature for

p-sheet conformation, the absolute intensity of the positive complex formation was estimated at 5.
band (maximum at 192197 nm) should be twice the Effect of the Length of the Alanine Motif and Terminal
intensity of the negative band (minimum at 21818 nm).  charges upon th@-Pleated-Sheet Complex Formatidh.
This is depicted in Figure 1 for an amphipathic leueine e pegins with the premise that the hydrophobic section of
lysine-based peptide that was used here as an '”temahc-KYAng-NHzis responsible for the observgepleated-
reference (Blondelle et al., 1995a). In contrast, the CD gpget complexing properties, then these properties are
spectrum of the macromolecuf@rsheet complex was found  gxnected to be modulated by the length of this motif. In
to have a positive band 5 times larger in absolute intensity o ger 1 study these premises, a series of analogs varying in
than the negative band (Figure 1). _ length from 3 to 25 consecutive alanine residues were

The conversion tg-sheet conformation was confirmed prepared (i.e., Ac-KYAK-NH,, n = 3—25). Following their
by OFT|R (Figure 2). Following an overnight incubation at syntheses, the peptides were converted to their monomeric
65°C of a 5 mg/mL solution of the monomeric form of Ac-  form by the TFA treatment described above and purified.
KYA1K-NHz, the FTIR spectra showed a predominant The complex formation was quantitatively monitored by RP-
p-sheet conformation with an amide | band at 1630°tm  Hp|C and qualitatively assessed by CD spectroscopy. These
(86% f-sheet conformation as determined by RP-HPLC). peptides could be separated into three distinct groups (Figure

In contrast, the starting monomeric form of Ac-KY&- 5). The first group included those peptides that were not
NH; showed a FTIR spectra of a random coilmhelical  interconverted into thg-sheet complex. These were char-
conformation with an amide | band at 1657chiFigure 2). acterized byn < 9. The second group was made up of

Due to the apparent irreversibility of the monomeric form peptides with 10< n < 14, which showed varying levels of
to macromoleculap-sheet interconversion, the pure mon- complex formation. Their CD analysis revealed the coexist-
omeric populations of Ac-KYAgK-NH; and its analogs were  ence of thes-sheet and the partial-helical structures (results
used as starting materials in the present studies. Suchot shown). Finally, the third group was made up of those
populations were found to be readily obtained following TFA peptides havingn > 15, for which the interconversion
treatment and successive purification of the crude peptidesprocess from the monomeric to tifesheet complex was
(see Materials and Methods). complete.

Concentration and Temperature Dependence of the Pep- The ability of Ac-KYAK-NH; to form soluble3-pleated-
tides’ Self-Aggregation The occurrence and rate of the sheet complexes involves the packing of hydrophobic
interconversion to a macromoleculgssheet was found in  residues on both sides of the sheet, while the lysine residues,
earlier studies to be environment and concentration-depend+which are concentrated at the N- and C-terminal edges, are
ent. In particular, preliminary studies showed that complete responsible for the observed high aqueous solubikit§q
conversion of the monomer to the macromolecular complex mg/mL). It is conceivable that the solubility of this
could be achieved following overnight incubation at®a macrostructure is due to the arrangement of the lysine side
We have further evaluated the experimental conditions thatchains at the complex/solvent interface. The effect of this
result in complete interconversion by monitoring the two anticipated charge density at the interface was studied using
populations by RP-HPLC. The concentration dependencea set of substitution analogs of Ac-KY4&-NH,. The
of this process was first analyzed by incubating at°@5 presence of negative charges (AcB&NH,), as well as
varying concentrations of Ac-KYAK-NH; in 5mM MOPS, of ion pairs (zwiterionic analog Ac-KEAKE-NH,), resulted
pH 7.0 (Figure 3). At low peptide concentration (concentra- in complex formation. Similarly, substitution of lysine
tion lower than 0.5 mM), no significant change in the RP- residues by histidines (Ac-HYAH-NH,) or the presence of
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Ficure 2: Solid-state (KBr) FTIR spectra of Ac-KYAK-NH,. Top spectra: following overnight incubation at 66. Bottom spectra:
monomeric form prior to overnight incubation.
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Ficure 3: Dependence of 96-pleated-sheet complex formation

on peptide concentration. The percentage of complex formation by

Ac-KYA 13K-NH;, was quantitatively monitored by RP-HPLC (see {'

Materials and Methods) after 3, 11, 22, or 46 h incubation at 65 ____,_j

°C using different peptide concentrations. o 0 0 20

a freea-amino group (KYAJK-NH;) did not disrupt the Ficure 5: Dependence oh:‘u‘r’nb-erIZz:tlt:r;i‘se;eet complex formation

ability of these peptides to forrﬁ-shegt com_p_lexes. In on peptide Ier?gth. The per(/far?tage of complex fgrmation by Ac-

contrast, the presence of two consecutive positively chargedkya K-NH, peptides at 1.4 mM was quantitatively monitored by

side chains (Ac-KKYA3KK-NH,) eliminated the complex  RP-HPLC (see Materials and Methods) after 24 h incubation at 65

formation. These results suggest that intermolecular hydro- °C.

phobic interactions are not strong enough in these cases to

compensate for the energetically unfavorable positioning of lacking theS-sheet population (Forood et al., 1995). The

two consecutive lysine side chains. CD characterization of this analog (Ac-KRAsK-NH>)
Amino Acid Acceptability within the Hydrophobic Core  showed a predominantly random coil conformation (Forood

The insertion of a single proline residue in the middle of et al.,, 1995). The effect of proline on the ability of the

the alanine stretch was found earlier to result in a peptide polyalanine-based peptides to form tlfepleated-sheet

% P -Sheet Formation
b

o
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4.0X10* e Ficure 7: Effect of amino acid substitutions in Ac-KY:®AsK-

NH; on the %3-pleated-sheet complex formation. The percentage
of complex formation was determined as described in Figure 4.
The amino acids are grouped as (1) aliphatic fdmranched, (2)
aliphatic-branched, (3) noncharggdsubstituted, (4) charged, (5)
secondary structure destabilizers.

complete complex formation (1.4 mM peptide concentration,
48 h incubation at 65°C; Figure 7). Interestingly, no
complex formation was detected when an aliphatic gen-
branched amino acid other than alanine was at the guest
position. In contrast, Ac-KYALAsK-NH; and Ac-KYA;-
MAsK-NH, adopted a partiad-helical structure as shown
by CD spectroscopy (results not shown). In the case of
aliphatic g-branched amino acids, threonine was found to
stabilize the complex in a manner similar to alanine, while
lower g-sheet content was obtained when valine was at
Ficure 6: Dependence of 96-pleated-sheet complex formation position 10. Fgrthermore, a complete |nh|b|t|on_ of ihe
for the proline substitution analogs of Ac-KAK-NH.. (A) The complex formation was observed when isoleucine was
percentage of complex formation was determined as described inlocated at this position. When the guest position was held
Figure 5. (B) CD spectra of representative peptides recorded in 5by a nonchargef@-substituted amino acid, the rank order of
mM MOPS buffer, pH 7, at 23C at a peptide concentration of  g|lowance was found to be Cys Ser> Phe> Tyr ~ Trp
i%\oﬂg/',(_) AC-KPA;K-NH;, (— —) ACKASPAK-NH;, (++-) Ac- > GIn, Asn. While the presence of a tryptophan or a
10PAK-NH,, and =) Ac-KA13PK-NH,. . .
tyrosine residue led to the same amount of macromolecular

complex was further investigated using a complete set of COMplex as determined by RP-HPLC, a mixturencénd3
14 single proline substitution analogs of Ac-iK&-NH. conformation was observed for Ac-K¥YWAsK-NH,. These

“Walking” a proline from the N- to C-terminus in the Ac- two peptides were, however, found to adopt a macromo-
KA 14K-NH, sequence resulted in a “valley” profile fsheet lecular conformation of similar molecular weight as deter-
peptide formation as determined by RP-HPLC and CD mined by size exclusion chromatography. Littte20%) or
(Figure 6, panels A and B). A gradual decreas@-isheet no complex formation was detected upon inserting a charged

content was observed upon substituting alanine from position @MIN0 acid within the polyalanine sequence. Finally, in
2 to position 7, where n@-sheet structure was detected. Ccontrast to proline, glycm.e', 'WhICh. is considered as a
Those analogs in which alanine-7 to alanine-11 were replacedS€condary structure destabilizing residue (Chou & Fasman,
by a proline adopted a random coil conformation. A steep 1974), allowed thg-pleated-sheet complex formation.
increase in the percentage ffsheet formation was then Overall, these results show that the substitution of a single
observed as the proline was moved toward the C-terminus.alanine can dramatically affect the formation/bpleated-
A similar valley effect was seen in an earlier RP-HPLC study Sheet complexes (0% S-sheet content was observed
upon walking proline through the sequences of monomeric according to the substituting amino acid). As anticipated,
polyalanine peptides (Biner et al., 1992). the critical micellar concentration and temperature for the
While proline is one of the most destabilizing secondary different analogs were found in preliminary studies to differ
structure amino acids (Chou & Fasman, 1974; Richardson from one analog to the other. For exampte35% f3-sheet
& Richardson, 1988; O'Neil & DeGrado, 1990; Chakrabartty complex formation was observed for the serine substitution
et al., 1994), the question that arises from the above resultsanalog Ac-KYASAsK-NH; at concentration as low as 0.35
is the acceptability of other amino acids inside the hydro- MM at 65°C and at temperature as low as Z5 at 3 mM.
phobic core of thgg-sheet complex. Similar RP-HPLC and Evaluation of the Compactness and Stability of the
CD studies were carried out using single substitution analogsHydrophobic Core Initial studies using size exclusion
of Ac-KYA 13K-NH;, at the position where proline exerted chromatography and centrifugal concentration through ul-
its greater destabilizing effect (i.e., substituting alanine-10). trafiltration indicated that the polyalanig®sheet complex
A new series of 20 peptides (Ac-KY®AsK-NH,; O has a tertiary structure of an average molecular mass
represents one of the 2Bamino acids) was synthesized, exceeding 19Da (Peez-Payeet al., 1996). Moreover, the
treated with TFA, and purified as described above. The occurrence of a CD signal in the near UV region indicated
peptides’ ability to self-aggregate in a macromolecular the occurrence of a compact tertiary structurér¢2d?aya
f-sheet complex was initially evaluated under the experi- et al., 1996). In order to further study the compactness and
mental conditions found for Ac-KYAK-NH; to result in stability of the tertiary structure of th@-pleated-sheet
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Ficure 8: Accessibility of the cysteine residue in the monomeric
and complexed form of Ac-KYACAsK-NH,. The accessibility of
the cysteine residue in Ac-KYAAsK-NH, was monitored by
mixed disulfide formation with DTNB as a function of reaction
time for the monomeric form (black bars) and for the complexed
form (hollow bars) of Ac-KYACAsK-NH,.

complex, we have examined the physical accessibility of
small molecules within the complex core using the peptide
analog Ac-KYA,CAsK-NH,. At low peptide concentration,
Ac-KYA 7;CAsK-NH,, exists as a monomer, while the com-

Blondelle et al.

complex assembly (Pez-Payaet al., 1996). Similar sur-
factant properties were recently reported for fhamyloid
protein based on its ability to lower the surface tension of
water and to bind to fluorescent probes (Soreghan et al.,
1994). Due to the high aqueous solubility of the polyalanine-
basedf-pleated-sheet complexes, these peptides represent
good model systems for studying such interconformational
conversion processes. Not only does the solubility simplify
the study of experimental conditions involved in the inter-
conformational process, but the simplicity of these model
peptide systems also relies on the fact that the interconversion
process occurs without any covalent modification. Further-
more, the fact that high temperatures enhance the self-
aggregation of the polyalanine peptides indicates that a
hydrophobically driven process predominates (O’'Shea et al.,
1989).

Since alanine shows one of the highest helical propensities
in all of the reported helicity scales (Chou & Fasman, 1974;

plexed form was obtained at concentrations higher than 2 Richardson & Richardson, 1988; O’Neil & DeGrado, 1990;

mM and after incubation at 65C for 48 h. Dilutions of

this solution did not dissociate the complex. The acces-

sibility of the cysteine residue was monitored by determining
the formation of mixed disulfide with DTNB. As shown in
Figure 8, the cysteine residue in the monomeric form is fully

Chakrabartty et al., 1994), the conversion into a macromo-
lecular g-sheet complex found for Ac-KYAK-NH; and
various analogs is of noteg-sheet structures have been
observed during the solid phase synthesis of polyalanine
peptides (Hendrix et al., 1990; Larsen & Holm, 1994). Poly-

available to react with DTNB, suggesting a solvent accessible (thylene glycol) bound homo-oligoalanines were also

position for this residue. In contrast, very low ratios of mixed
peptide-DTNB disulfide were obtained for the complexed
form of Ac-KYA;CAsK-NH,. This result suggests that the
tertiary structure of theg-pleated-sheet is highly compact

reported to adopB-sheet or random coil conformations in
agueous solution (Toniolo et al., 1979). Similar formation
of macromolecular3-sheet complexes has recently been
reported for Ac-RQ;sK,-NH; (Perutz et al., 1994). Glutamine

and that small molecules cannot be used to disrupt theepeats have been found in natural proteins that are linked

complex by intercalation in the core.
Fibrils Formation The ability of the Ac-KYAZK-NH>
complex to form fibrils in a manner similar to amyloidogenic

to several inherited neurodegenerative diseases. Interest-
ingly, as with alanine, the3-sheet forming tendency of
glutamine was found to be low when measured independently

peptides was evaluated by congo red staining methods andn two separate model systems (Minor & Kim, 1994a; Smith

electron microscopy. The aggregated form of Ac-K&
NH; was found to bind to congo red by bright light optical
microscopy resulting in a yellow-green birefringent under
polarized light somewhat different from the green birefringent

etal., 1994). Whether or not other noncharged residues also
have potential to form such complexes remains to be
determined.

In contrast, short alanine-based peptides (e.g., derived from

reported for amyloidogenic peptides (data not shown). This the sequence Ac-&KA ;KA sKA-NH ) were reported to form

may be due to a different orientation of the congo red
molecule while binding to Ac-KYAsK-NH, as compared

monomerica-helices in agueous solution (Marqusee et al.,
1989; Chakrabartty et al., 1994). The lack of complex

to amyloidogenic peptides. On the other hand, the formation formation found in the present study for the substitution

of fibrils, although of smaller size than those reported for

analog Ac-KYAKAsK-NH,, which was found to adopt a

amyloidogenicpeptides (Merz et al., 1983), was clearly seen partial o-helical conformation, correlates with these earlier

by electron microscopy (Figure 9).

DISCUSSION

findings. If one envisions such peptides in fasheet
structure, then the presence of lysine residues in the middle
of alanine sheets would result in electrostatic repulsion. This,

Polyalanine-based peptides were found to underscorein turn, would prevent intermolecular interactions necessary

conformational conversions leading to the formation of

for B-structure stabilization. Interestingly, it has recently

B-pleated-sheet complexes similar to those occurring in been demonstrated that short alanine-based peptides may
neurodegenerative diseases. For example, similarity toexhibit highly amyloidogenic properties (Gasset et al., 1992).
B-amyloid-like structures could be seen by CD spectroscopy. Although these peptides were predicted to correspond to four
Thus, the CD spectra observed for aggregated Ac-keKA o-helical regions of the prion protein sequences, three out
NH, was similar to the spectrum reported for the structure of four of these synthesized peptides formed amyloids. The
of human amylin in the presence of 6.25% 1,1,1,3,3,3- most highly amyloidogenic peptide found was AGAAAAGA
hexafluoro-2-propanol (Cort et al., 1994). This was felt to (which corresponds to Syrian hamster PrP residues-113
be due to the stacking of individugtsheets and/or sheet 120). The insertion of a glycine into polyalanine stretches
distortion upon the stacking arrangement. Furthermore, it was also found in the present study to lead to the formation
is noteworthy that the aggregated form of Ac-K¥;K-NH, of B-pleated-sheet complexes. In unrelated studies, repeat
was found earlier to bind to fluorescent probes at concentra-units of alanine/glycine have been reported to occur in
tions above its micellar critical concentration, reflecting the f-sheet structures in polypeptides deriving from spiders’
presence of a hydrophobic core that excludes water uponnative silk proteins (Prince et al., 1995).
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Ficure 9: Electron micrograph of negative-stained preparation of fibrils of aggregated AcKYMH,. The peptide was stained as
described in the Materials and Methods with 2% uranyl acetate. The sample was viewed with a Phillips electron microscope. Magnification,
x 73000.

Table 1: Analysis of Amyloidogenic Peptide Sequences in TernfgpsfAmino Acid$

% % of residues
fibril p-sheet with tendency to
sequence peptifle formatiorf  formatiorf  form S-pleated-sheet
Ac-MKHMAGAAAAGAVV-NH , H1 + 60 71
Ac-MLGSAMSRPMMHF-NH, H2 — 23 38
Ac-CDVNITIKQHTVTT-NH H3 + 55 57
Ac-DIKIMERVVEQMCTTQY-NH H4 + 70 47
AGAAAAGA SHaPrP-(113-120) + 80 100
AGAAAAGAVVGGLGG SHaPrP-(113-127) + 70 93
Ac-VVGGLGGYMLGSAMSR SHaPrP-(121136) - 14 69
DAEFRHKSGYEVKKQKLVFFAEDVGSNKGAIIGLMVGGVVIAT = A4-(1-43) +¢ nrh 65
RSFFSFLGEAFKGAR AA15 +f nr 80
KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY-NH hAM +9 p-cd 62
KCNTATCATQRLANFLVRSSNNLGPVLPPTNVGSNTY-NH rAM —9 a-cd 51

a fps amino acids are defined as those amino acids which led to complex formation when at position 8 in ABASKANH, (see Results).
b H1—H4 represent the four helices of the mammalian PrP; ShaP&yrian hamster PriA4 = S-amyloid; AA15= sequence 115 of human
AA amyloid; hAM = human amylin; rAM= rat amylin.¢ As determined by Fourier transform IR spectroscopy (Gasset et al. 19P&)ermined
by electron microscopy (Gasset et al. 199Reported in ref (Merz et al. 1983)Reported in ref (Soto et al. 1993)Reported in ref (Cort et al.
1994)."nr: not reporteda-cd: Coil-helix transition upon HFIP titration as determined by CD spectroscopy (Cort et al. 196d).-sheet in
6.25% HFIP as determined by CD spectroscopy (Cort et al. 1994).

The substitution of a single alanine residue in Ac-K¥#& (Minor & Kim, 1994a; Smith et al., 1994) determing8esheet
NH. by one of the 2Q.-amino acids led to a wide range of propensities. These findings indicate that secondary structure
fB-sheet complex formation (©0%). For example, the propensity values cannot solely account for conformational
pB-sheet disruptive effect of a proline residue can be explained preferences of a given amino acid, but that other factors such
by the rigidity of the proline ring, which prevents the as the hydrophobic effect and side chain steric allowance
occurrence of sheet stacking. Similarly, the laclfefheet must also be taken into consideration. These results agrees
complex formation observed upon substituting alanine-10 with the context dependence @fsheet propensities sug-
with methionine, leucine, or isoleucine, may be due to the gested by the lack of correlation observed between the
bulkier side chains of these amino acids relative to alanine, propensities of amino acids when located at the edge or at
which could be expected to prevent the efficient packing of the center of the same protein G(GB1) (Minor & Kim,
the multilayered sheets and, in turn, to favor monomeric 1994b).
structures. Finally, electrostatic repulsion between two sheets In order to further analyze the amyloid formation at the
can explain the lack g8-sheet complex formation for those amino acid sequence level, we have compared the sequences
analogs containing a charge amino acid at position 10. Theof known amyloidogenic peptides in terms of their residue
pB-pleated-sheet complex forming tendencies of each aminopropensity to occur in g-pleated-sheet complex (Table 1).
acid derived from these studies do not show any correlation Good correlation was seen between the formation of amyloid
with statistical (Chou & Fasman, 1974) or experimentally plagues and the presence of clusters of amino acids found
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in the present study to have a high propensity to occur in Forood, B., Peez-PayaE., Houghten, R. A., & Blondelle, S. E.

pB-pleated-sheet complexg$ps amino acids). For instance,
while only 47% of Sps amino acids are present in the

amyloidogenic H4 peptide, these amino acids are distributed

in the cluster valine-8 to tyrosine-17. Similarly, the Alzhe-
imer peptidefA4-(1—43) contains 65%5ps amino acids

(1995) Biochem. Biophys. Res. Commun. 27113.

Gasset, M., Baldwin, M. A., Lloyd, D. H., Gabriel, J. M., Holtzman,
D. M., Cohen, F., Fletterick, R., & Prusiner, S. B. (1992pc.
Natl. Acad. Sci. U.S.A. 840940-10944.

Hendrix, J. C., Halverson, K. J., Jarret, J. T., & Lansbury, P. T.,
Jr. (1990)J. Org. Chem. 554517-4518.

distributed in two clusters: valine-18 to serine-26 and valine- Houghten, R. A. (1985proc. Natl. Acad. Sci. U.S.A. 88131~

36 to threonine-43 (100 and 88% Bbs, respectively). On
the other hand, peptide SHaPrP-(321B6), which contains
69% fBps amino acids, did not form amyloid fibrils. This
may be due to the presence of ntipleated-sheet forming
amino acids inserted between every three or fing amino
acids.

Houghten, R. A., Bray, M. K., DeGraw, S. T., & Kirby, C. J. (1986)
Int. J. Pept. Protein Res. 2B673-678.

Jarrett, J. T., Berger, E. P., & Lansbury, P. T. (19B8)chemistry
32, 4693-4697.

Lansbury, P. T. (1995Biochemistry 316865-6870.

Larsen, B. D., & Holm, A. (1994)nt. J. Pept. Protein Res. 43

. . . . . 1-9.
In conclusion, the present studies confirm earlier findings Marqusee, S., Robbins, V. H., & Baldwin, R. L. (198%pc. Natl.

that polyalanine-based peptides represent useful model

Acad. Sci. U.S.A. §6286-5290.

systems to study interconformational processes, as they mayMasters, C. L., Multhaup, G., Simms, G., Pottgiesser, J., Martins,
relate to similar processes occurring in neurodegenerative, R- N., & Beyreuther, K. (1995EMBO J. 4 2757-2763.

diseases.
permits the straightforward monitoring of such interconfor-

Due to their excellent aqueous solubility that

Merz, P. A., Wisniewski, H. M., Somerville, R. A., Bobin, S. A.,
Masters, C. L., & Igbal, K. (1983\cta Neuropathol. 60113~
124.

mational processes, these peptides may be used to developlinor, D. L. J., & Kim, P. S. (1994aNature 367 660—663.

new strategies for the inhibition of the formation of deleteri-

Minor, D. L. J., & Kim, P. S. (1994bNature 371 264—-267.

ous amyloid plaques. Among those strategies, the use ofNguyen, J., Baldwin, M. A., Cohen, F. E., & Prusiner, S. B. (1995)

nonsupport-bound synthetic combinatorial library techniques

[reviewed in Blondelle et al. (1995b)] to identify inhibitory
peptides or peptidomimetics @pleated-sheet complexes
are currently being investigated.
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