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Peptides Derived from Two Dynamically Disordered Proteins Self-Assemble
into Amyloid-like Fibrils
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Proteins that are dynamically disordered in the native state play
important roles in macromolecular recognition and the assembly
of functional biomolecular complexés? In contrast, unfolding or
misfolding is considered a prerequisite for the assembly of amyloid-
like fibrils from proteins that are highly structured in the native
state. An emerging view is that non-native, extended polypeptide
conformations are required for fibril formatiornd that protein
sequences may have evolved to minimize the opportunities for their
occurrencé.Importantly, the formation of amyloid-like fibrils, or
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R ; g ; v Figure 1. Short peptides derived from pA%and Hdm2 self-assemble into
fibril precursors, from several different proteins is associated with p-strands. CD spectra of AL:H1 mixtures starting with (A) AL and (8) H1

degenerative diseases in humahin apparent contradiction to this  § aycess. A1 alone (red), H1 alone (dark violet), and 1:1 AL:H1 (green).
relationship between fibrils and disease, we have observed thatg-strand content was maximal at 1:1 AL:H1.

functional domains of two proteins, Arf and Hdmz2, that regulate
cellular responses to stress, co-assemble into amyloid-like structures.
The interacting domains of the individual proteins are highly 0.02 A B
disordered in solution and do not self-assenidft-dere we report

that short peptides derived from Arf and Hdm2 co-assemble into 5 0.01

bance

amyloid-like fibrils. The mechanism of co-assembly and the g 1679
structures formed have not been previously described for biologi- <€ 0.00
cally derived peptides. Interestingly, nonnatural peptides have been 1618 %
1680 1640 1600 1680 1640 1600

shown to exhibit similar self-assembly phenoméha?
Short polypeptide segments within the tumor suppressor protein,

pl4f, and the cellular oncoprotein, Hdm2, mediate their specific Figure 2. The FT-IR spectrum of A1/H1 assemblies suggests antiparallel

; - P - 15,16 T, . p-strand secondary structure. (A) Absorbance maxima in the amide | region
interaction both in V'trf) a.lnd in celf$: TV\,IO arglnlng rich .mo.tlfs were observed at 1618 and 1679 ¢m(B) Second-derivative analysis of
termed Al and A2 within the Arf N-terminus mediate binding to  gpectrum in (A).

Hdm2, while two acidic residue-rich segments termed H1 and H2
within the central domain of Hdm2 mediate binding to Arf. In the
context of 37 and 95 amino acid fragments of Arf and Hdm2,
respectively, these domains were shown to be disordered in solutio
while retaining biological activity:'® We have analyzed the
structural and self-assembly properties of short peptides excised
from the interacting domains of Arf and Hdm2. Circular dichroism
(CD) spectropolarimetry shows that isolated peptides comprised
of the Al and H1 motifs (p24f 1-14 and Hdm2 246254,
respectively) are highly disordered in solution (Figure 1A and B,
red and violet traces, respectively)The sequences of the peptides of f-strands.

are Al, MVRRFLYTLRIRRA; HL, SVSDQFSVEFEVES{" How- Interestingly, the FT-IR spectrum of the A1/H1 co-assembly
ever, when combined, the components of the binary mixture self- bears a striking resemblance to those of amyloid-like fit3itg4

afslsemblel, t:(.)rrtmlani-strarii-cor;ta;nmt% sutpramole;:_lglar SUUCHUIES 14 aytend our structural analysis, we used electron microscopy to
of low solubility (Figure and B, other traces). The appearance determine whether the supramolecular structure of A1/H1 co-

of a minimum in '_[h? _CD spectra of the ass:emblle_s at 216 nm gnd assemblies was similar to that of amyloid fibrils. Figure 3A shows
the increase in eII_|p_t|C|ty at 193 nm are cons!stent W_'th the formatlc_)n that A1/H1 co-assemblies are networks of short, thin fibrils that
,Of ﬁ-strand-(?ontalnlng. ;tructureg. The solution (,)f binary assemblies are 10-20 nm long and less than 5 nm wide. These structures are
is characterized by visible turbldlty_ gnd the disappearancéof morphologically similar to amyloid protofibrils derived from the
NMR resonances that,_before mixing, were observgd for th_e -amyloid peptidé? insulin23 lysozyme?s and an SH3 domait?
monodisperse, free peptides (data not shown). When either peptid enaturing conditions promote the conversion of many proteins

from the native state to amyloid-like fibrils. To test their stability

Wave number (cm) Wave number (cm1)

was titrated into a solution of the other, both NMR and CD spectra

revealed that binding was saturable. Maxirnfastrand character
Mwas observed when the molar ratio of A1:H1 was 1:1 (Figure 1A
and B, green trace versus others). The Fourier transform infrared
(FT-IR) spectrum of the co-assemblies confirms the CD results and
suggests that th@-structures may be classified as antiparallel
B-strands on the basis of the absorbances at 1618 and 1679 cm
(Figure 2)18-20 In summary, the individually disordered Al and
H1 peptides self-assemble into supramolecular structures comprised

T St. Jude Children’s Research Hospital. i _ ihri
 University of Tennessee Health Sciences Center. and potential for further self-assembly, Al/Hllprotoflbrlls were
§ Merck-Frosst Centre for Therapeutic Research. heated. The structure of A1/H1 co-assemblies became more
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Figure 3. Electron microscopy reveals that A1/H1 peptide co-assemblies
adopt structures similar to amyloid protofibrils and fibrils. (A) Protofibrils
were prepared by combining 1 mg/mL solutions of the A1 and H1 peptides
in 20 mM Tris, pH 7.0 at 23C. (B) After heating at 70C, pH 3.5 for 100

h. Samples were dried onto freshly glow-discharged, carbon-coated, EM
grids and negatively stained with 2% phosphotungstic acid (pH 6.4).

organized after treatment (Figure 3B), appearing as distinct fibrils
that were hundreds of nanometers in length. The long fibrils
appeared to be bundled together into parallel, flat ribbons comprised
of 3—6 individual fibrils. Heat treatment was performed at pH
values from 2.0 to 8.5, and the structural transition from protofibrils
to fibrils was observed only at pH 3.0 and 3.5.

The chemical dyes, Congo RE{CR) and thioflavin F7 (ThT),
bind to amyloid fibrils generated from a wide variety of proteins,
and binding is often associated with characteristic changes in

absorbance and fluorescence spectra of the dyes. Surprisingly, the

A1/H1 co-assemblies, before and after heat treatment, failed to bind
CR and ThT. While the spectral and structural characteristics of
these assemblies are very similar to those of classical amyloid fibrils,
their binary nature seems inconsistent with Congo red and ThT
dye binding.

We have shown that peptides derived from two different proteins,
Arf and Hdm2, self-assemble to form amyloid-like protofibrils
comprised off-strands. Larger fragments of Arf and Hdm2 that
encompass the Al and H1 peptides, respectively, were previously
shown to self-assemble infistrand-containing structures. These
structures, however, were less ordered than those describe¥ here
Further, the larger A1- and H1-containing protein fragments were
shown to interact in cell¥) emphasizing the biological relevance
of our structural observations. The Al peptide from Arf contains
five Arg residues (positions 3, 4, 10, 12, and 13), two of which
(positions 3 and 10) are found within an evolutionarily conserved
motif referred to as the Arf motif In contrast, the H1 peptide
from Hdm2 is oppositely charged, containing one Asp residue
(position 4) and three Glu residues (positions 9, 11, and 13).
Additionally, both peptides contain several bulky, hydrophobic
residues. It is likely that the process of co-assembly for A1/H1
and Arf/Hdm2 is mediated by attractive electrostatic interactions
between Arg and Asp/Glu residues from different peptide molecules
which ultimately may be found on the same face of an antiparallel
pB-sheet. The hydrophobic residues, which are found between the
charged residues in both A1 and H1, are likely to further stabilize
A1/H1 co-assemblies through intermolecular hydrophobic interac-
tions. Repulsive electrostatic interactions between like-charged side
chains in the individual peptides may favor extended conformations
that promote self-assembly. How tfestrands are arranged within
the amyloid-like protofibrils and fibrils is unknown at this time.
To our knowledge, this is the first example of self-assembly of
amyloid-like fibrils involving peptides from two proteins and
represents a novel mechanism for the formation of biomolecular

complexes. In contrast to the pathogenic properties of fibrils formed
from pure proteins, the A1/H1 co-assemblies described here are
associated with the interaction of Arf and Hdm2, important
components of the p53 tumor suppressor pathi%dy.These
findings suggest that amyloid-like fibrilar structures may play
functional roles in human cells, as has been demonstrated for the
Sup35 protein irS. cereisiae Further, these peptides could be
used as tags to direct the assembly of biomaterials.
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