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Defined DNA sequences promote the assembly of a
bacterial protein into distinct amyloid nanostructures
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RepA, the replication initiator protein of Pseudomonas pPS10 plas-
mid, is made of two winged-helix (WH) domains. RepA dimers
undergo a structural transformation upon binding to origin DNA
sequences (iterons), resulting in monomerization and «-helix into
B-strand conversion. This affects the N-terminal domain (WH1) and
generates a metastable intermediate. Here it is shown that the
interaction of short dsDNA oligonucleotides, including iteron or
operator RepA targets, with the isolated WH1 domain promotes the
assembly of different nanostructures. These range from irregular
aggregates to amyloid spheroids and fibers. Their intrinsic order
inversely correlates with the extent of the transformation induced by
each DNA sequence on RepA. However, DNA is not a constituent of
the assembled fibers, in agreement with the protein-only principle for
amyloid structure. Thus, the RepA-WH1 domain on DNA binding
mimics the behavior of the mammalian prion protein. The stretch of
amino acids responsible for WH1 aggregation has been identified,
leading to the design of mutants with enhanced or reduced amyloi-
dogenicity and the synthesis of a peptide that assembles into a
cross-f3 structure. RepA amyloid assemblies could have a role in the
negative regulation of plasmid replication. This article underlines the
potential of specific nucleic acid sequences in promoting protein
amyloidogenesis at nearly physiological conditions.

amyloidogenesis | conformational changes | DNA binding |
fiber assembly | RepA protein

he formation of protein assemblies with amyloid properties

is a subject of intense research because of their involvement
in severe human diseases (1, 2). An unsolved issue is the nature
of the signal(s) responsible for amyloidogenesis, which includes
proteolytic processing of a functional precursor and mutations,
and also hyperphosphorylation (3) or the binding to elements of
the cell envelope (4) or nucleic acids (5-8). The major (if not the
only) component of any mature amyloid assembly is protein (9,
10). The studies of amyloidogenesis have been extended to
model systems based in proteins not involved in any disease (1).

Our current understanding of protein aggregation into amyloids
suggests that some partially unfolded intermediates that populate
the funnel-shaped folding energy landscape of virtually any protein
aggregate into a stable, low-energy conformation distinct from the
protein native state (1, 2). Supramolecular assembly is a common
functional resource for proteins by using an ample repertoire of
protein—protein interfaces. However, the family of structures re-
sponsible for the unique staining (11) and diffraction (12) proper-
ties of any protein amyloid is known as cross-B: a B-sheet of
indefinite length is formed by the stacking, orthogonal to its axis,
of B-strands from each protein monomer (13). Amyloidogenesis
often includes the refolding as B-strands of protein regions that,
although compatible with such secondary structure, are found as
a-helices or coils in the native structure (14-18). In other cases,
nearly native protein folds contribute with short sequence stretches
that, gaining self-interaction, assemble into fibrils (13).

RepA (230 amino acid residues) is the replication protein of the
Pseudomonas pPS10 plasmid (reviewed in ref. 19). RepA dimers
are repressors of repA transcription through binding to an inversely
repeated operator sequence, whereas RepA monomers are profi-
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cient in recognition of directly repeated sequences (iterons) found
at the origin of replication. In common with many amyloidogenic
proteins, RepA undergoes an o-helix into B-sheet conversion,
which affects a three-helix bundle in its N-terminal winged-helix
dimerization domain (WH1; RepA residues 1-132) (20). Such a
conformational change requires the dissociation of RepA dimers
and the activation of WHI1 as a second DNA binding interface
(subsidiary to the C-terminal WH2 domain) (21). Binding of a
RepA dimer to a single iteron is sufficient to induce both protein
dissociation and the coupled structural transformation, whereas
binding to the operator has no major effect on the structure of
dimers (22). The conversion of RepA-WH1 dimers into monomers
implies partial unfolding of the protein subunits and an increase in
their solvent-accessible surface (19), resulting in a transient meta-
stable intermediate prone to aggregation (22, 23). Normally iso-
lated WHI1 dimers are thermostable and proteolytically resistant
(21). This complex behavior of RepA has been extensively char-
acterized by CD and fluorescence spectroscopies (21-23), hydro-
dynamics (22), x-ray crystallography (20), and modeling (19).

Here I describe the identification of a protein stretch in RepA-
WHI1 with the potential to aggregate through B-strand formation.
Mutations in a single residue of the motif were introduced, leading
to enhanced or reduced WHI1 aggregation. Combining these WH1
mutants with binding to short dsDNA oligonucleotides including
the natural targets for the domain when present in full-length RepA
(22), it is possible to modulate the formation of assemblies with
diverse sizes and shapes (irregular, spheroidal, and fibrillar) exhib-
iting typical amyloid properties (11). A synthetic peptide including
the optimized amyloidogenic motif in WH1 assembles into fibers
with the characteristic biophysical features of an amyloid cross-8
structure. The extent to which each DNA sequence transforms the
RepA structure (22, 23) inversely correlates with the order of the
resulting WH1 amyloid assemblies. However, DNA is not part of
the fibers, thus acting as a real inducer, rather than as a structural
component, of the aggregates. The results of this study provide
important insights into a way to modulate the assembly of distinct
protein amyloid structures by interaction with short, defined DNA
sequences.

Results

A Protein Sequence Stretch Potentially Involved in RepA Aggregation.
Although the dimeric RepA-WH1 domain is soluble to millimolar
concentrations (20, 21), its titration in the micromolar range with
11-bp oligonucleotides comprising the two distinct targets for WHI,
either the spacer between the two 8-bp half repeats constituting the
repA operator (opsp) or the 5" half of a 22-bp iteron repeat (5'iter)
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Fig. 1. Asequence stretch in RepA-WH1 has a potential for aggregation. (A)
Plot of the TANGO B-aggregation score (17) for the sequence of WH1 domain
(pH 8). Its secondary structure (elements affected by conformational changes
in cyan) and two orthogonal views (PyMOL, www.pymol.org) of the crystal
structure of the dimer (20) are shown. Rainbow coloring of the model reflects
the B-factors distribution (bluish lower and reddish higher). The side chain of
Ala-31 (highlighted in orange) is shown as a CPK sphere (CB atom). Dashed
boxes mark residues 26-34. The TANGO prediction plots for the WH1-A31S (B)
and A31V (C) mutants are also displayed.

(19), resulted in massive protein precipitation (data not shown).
Thus, a search for sequence stretches in WH1 prone to aggregation
was carried out by means of TANGO (http://tango.crg.es), an
algorithm designed to detect protein regions with a propensity to
aggregate through p-sheets (17). The sequence between residues 26
and 34 (LVLCAASLI) shows a net tendency toward p-aggregation
(Fig. 14), similar to that found in typical amyloid proteins (15, 17).
Those residues map to the C terminus of helix o2, one of the
elements in WH1 undergoing structural transformation to a
B-strand. This region and the following loop make up the most
flexible portion (highest B-factors) in its crystal structure (Protein
Data Bank ID code 1HKQ) (Fig. 14) (19, 20).

To test this prediction, two different mutants were constructed by
substituting Ala-31 in WH1: A31S (Fig. 1B), designed to decrease
its aggregation tendency, and A31V (Fig. 1C), which would increase
the aggregation potential of WH1 to the levels found, e.g., in the
Alzheimer’s B-amyloid peptide (15, 17). All WH1 proteins were
then purified, their average secondary structure [supporting infor-
mation (SI) Fig. 64] and thermal stability (SI Fig. 64 Inset) were
estimated by CD spectroscopy, and their association state was
determined by gel filtration analysis (SI Fig. 6B). None of the
mutants appeared to have its biophysical properties altered (21):
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+ 5' iter + opsp + telo
- DNA GGGTTTAAAGG CATTGACTTGT TGTGTGGGTGT
CCCAAATTTCC GTAACTGAACA ACACACCCACA

WT

A31V

Fig.2. Electron micrographs (negative stain) of purified RepA-WH1 proteins
(rows) incubated with equimolar amounts (35 uM) of 11-bp dsDNA oligonu-
cleotides (columns) spanning the sequences naturally bound by the domain as
a dimer (opsp) or as monomer (5'iter) or a nonspecific sequence (telo). Color
coding for the DNAs is the same as used in refs. 22 and 23 and in Fig. 4.
Magnification bars in each field span 200 nm. Below the WH1-A31V plus opsp
field is shown a close-up view of a fiber (scale bar: 50 nm) above the result of
embossing and filtering (Gaussian) the same image to highlight its two
component fibrils.

they are dimers with a nearly identical average secondary structure,
remaining essentially folded even at 90°C.

Combining Single WH1 Mutations with Binding to Discrete DNA
Sequences Results in Distinct Nanoassemblies. A search for condi-
tions influencing aggregation in vitro was then carried out with
the three WH1 domain variants (WT, A31S/V). Proteins were
incubated with equimolar concentrations of the specific 11-bp
dsDNA oligonucleotides mentioned above, or a nonspecific
sequence of the same length (telo), related to one previously
tested with full-length RepA (22). Aggregation was explored by
means of transmission electron microscopy (TEM) on negatively
stained samples (Fig. 2). After a month of incubation in the
absence of any DNA, heterogeneous reticular aggregates were
evident for both WT and A31V mutant domains, whereas
simpler aggregated particles were present in the A31S mutant.
When the incubation was performed with the 5'iter dsDNA,
large spheroids (up to 200 nm in diameter, @) appeared in
WHI1-WT, with smaller spheroids (=50 nm @) in WH1-A31S.
The aggregates in WH1-A31V were much larger and had an
irregular shape for A31V. With the opsp DNA sequence, the WT
and A31S domains gave smaller spheroids than those with 5'iter.
However, WH1-A31V in the presence of opsp DNA mainly
assembled into straight, unbranched ~25-nm-wide fibers. These
are composed of two identical coiled fibrils with a variable pitch
that, in the segments most tightly twisted, span ~75 nm. With the
nonspecific dsDNA (telo) all three proteins produced small
spheroids. The pronounced lag in the appearance of the fibers
suggests a nucleation-dependent process (1, 13): after the first
week of incubation, small irregular particles give way to short
fibrils, which, in 2-4 weeks, grow into the fibers displayed in Fig.
2. Longer incubations (2-6 months) increase the length of the
fibers and result in their bundling into thick filaments (data not
shown). In conclusion, these experiments show that certain DNA
sequences have the ability to induce the formation of nanoas-
semblies by WHI.
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Fig.3. The dsDNA oligonucleotide opsp is not part of the WH1-A31V fibers
that it promotes. (A) Nondenaturing polyacrylamide gels showing the super-
natant (S) and pellet (P) fractions after ultracentrifugation of mature samples
including WH1-A31V and opsp dsDNA. (Left) Ethidium bromide staining of
dsDNA. (Right) Coomassie blue detection of protein. (B) The same type of gels
(and staining) with samples previously digested (+) or not (—) with DNasel.
The wells (w), undigested dsDNA (open arrows), and protein (filled arrows)
dimers (d) and various oligomers (o) are marked. (C) Electron micrographs
(negative staining) of WH1-A31V plus opsp fibers, either undigested
(— DNasel) or after DNA removal (+ DNasel). (Scale bars: 200 nm.)

DNA Is Not a Component of WH1-A31V Fibrillar Assemblies. Because
the binding of each of the individual RepA-WH domains to their
target sequences has very low affinity and is expected to be transient
(21, 23), the fibrillar assemblies were analyzed to establish whether
they contained dsDNA. First, ultracentrifugation of mature fiber
preparations containing equimolar concentrations of opsp dsDNA
and WH1-A31V yielded DNA essentially in the soluble fraction
(Fig. 34 Left) whereas most of the aggregated protein was in the
pellet (Fig. 34 Right). This result indicates that DNA is excluded
from the protein fibers. Second, electrophoretic analysis of dupli-
cate samples in native gels showed no retarded (or retained in the
well) dsDNA band in the presence of WHI1-A31V (Fig. 3B,
compare first and third lanes). This is consistent with a transient/
unstable protein—-DNA interaction. Third, extensive digestion of
mature fiber preparations with DNasel efficiently degraded most of
opsp DNA, reflecting the inability of WH1-A31V to protect DNA
against the nuclease (Fig. 3B Left, fourth lane). On the contrary,
according to both native protein gel electrophoresis (Fig. 3B Right)
and TEM (Fig. 3C), the fibers were unaltered by the enzymatic
removal of DNA, strongly indicating that WH1 is their only
macromolecular component. Incubation of WH1-A31V with each
of the individual opsp DNA strands led to large spherical aggregates
(data not shown). When fresh WH1-A31V, with no dsDNA added,
was seeded (1/500 to 1/50, vol/vol) with sonicated (10) WH1-A31V
plus opsp fibers, the resulting aggregates were very large and
irregular, instead of fibrillar (data not shown). These results,
together with those from the previous section, point to dSDNA as
inducer of RepA-WHI self-assembly.

The WH1-WT and A31V Aggregates Exhibit Amyloid Properties. To be
regarded as amyloid, any protein aggregate has to exhibit landmark
properties such as a significant content in B-sheet secondary
structure and the ability to bind Congo red (CR) stain (11). Thus,
the average secondary structure of the distinct WH1 aggregates was
compared based on their CD spectra (Fig. 44), and their ability to
bind CR was explored by differential absorption spectroscopy (Fig.
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Fig. 4. The aggregates made by WH1-WT and its A31V variant exhibit
amyloid features, but not the mutant with a reduced tendency to p-aggre-
gation (A31S; see Fig. 1). (A) Far-UV CD spectra of the WH1 proteins titrated
with dsDNA oligonucleotides. (B) CR binding, as measured by differential
absorption spectroscopy. Both assays were carried out on replicas of the
samples visualized in Fig. 2.

4B). These measurements were carried out on 1-month-old sam-
ples, set up with the three variants of WH1 and DNA sites. The
results, once the spectral contributions of DNA and buffer were
subtracted, support the amyloid character of WH1-WT and A31V
aggregates: compared with fresh protein samples, they show a
reduction in the CD ellipticity signal together with a broadening of
its minima at ~215 nm (a sign for a net increase in B-sheet
structure) and a prominent CR absorption band at ~500 nm
(attributable to dye binding). However, the aggregates formed by
WH1-A31S exhibit a less pronounced change in their CD spectra
and virtually no CR binding, indicating that they are not amyloids.
The response elicited by the opsp oligonucleotide is, in terms of CR
binding, more intense than that promoted by the other two se-
quences, being most marked in the WH1-A31V fibers. In contrast,
the changes that opsp DNA produces in protein secondary struc-
ture are less pronounced than those promoted by 5'iter. This is in
agreement with previous results on the binding of full-length RepA
to longer oligonucleotides including the same sequences (22). The
nonspecific oligonucleotide telo elicits spectral responses on the
order of those for the samples incubated in the absence of DNA,
suggesting that, although it promotes protein aggregation (22), it
does not enhance amyloidogenesis. In conclusion, the spheroids and
fibers assembled, upon interaction with dsDNA oligonucleotides,
by WH1-WT or the WH1-A31V mutant have amyloid nature.

Assembly of the Amyloid Motif in WH1-A31V into Cross-g Fibers. It was
then explored whether the optimized amyloid motif in WH1-A31V
(LosVLCAVSLI34) could have a role in building the fibers. A
peptide was synthesized spanning those residues in RepA-A31YV,
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Fig. 5. A peptide comprising the sequence with enhanced B-aggregation
tendency in WH1-A31V assembles into amyloid fibers with a cross-3 core. Shown
isthe incubation course of the peptide, in the absence of DNA, followed by far-uv
CD (A) and CR (B) binding. A Inset estimates the evolution of average secondary
structure composition. (C) Electron micrograph of the fiber bundles assembled by
the peptide after 2 weeks of incubation. (Scale bar: 200 nm.) (D) X-ray fiber
diffraction image of dehydrated peptide assemblies. Average resolution of each
of the three visible rings is indicated. (E) Two orthogonal views of a model for a
minimal assembly of the WH1-A31V peptide, built of two layers of antiparallel,
right-handed twisted B-strands. The dotted line in Left indicates the axis of the
resulting fibril. CPK spheres correspond to side chain atoms of residues (magenta
and gray) making hydrophobic contacts with Val-31 (red). Elongation and bun-
dling of peptide fibrils (C) would be achieved by successive addition of strands and
sheets, respectively.

plus flanking Arg-25 and Asp-35 to improve peptide solubility in
aqueous buffers. An additional N-terminal Tyr was also added to
allow quantification by UV absorption, but with no expected
contribution to peptide aggregation, because of the breaking effect
of Arg-25 on amyloidogenicity (24). Incubation of the peptide at
identical concentration and in the same buffer assayed for the whole
WH1-A31V led to a clear increase (up to ~34%) in its contents in
B-sheet secondary structure (CD spectroscopy) (Fig. 54) and to a
net enhancement of its amyloid character (CR binding) (Fig. 5B).
Both features reached their highest values after 2 weeks of incu-
bation, when TEM revealed the presence of bundles of short
(=100-200 nm) fibrils (Fig. 5C). Saturated suspensions of the
peptide, after slow drying, led to aggregate deposits that exhibited
the x-ray diffraction rings typical for unoriented cross-g amyloid
assemblies (12): strong reflections at ~4.7 and ~10.6 A (that would
correspond to the distances between contiguous B-strands in a sheet
and between adjacent B-sheets, respectively) plus a weaker ring at
~3.7-A resolution (probably a higher-order reflection along the
fiber axis) (Fig. 5D). No higher-resolution rings were detected
because of the limited order of the peptide assemblies. These results
suggest a contribution from the L,cVLCAVSLIz4 sequence to the
assembly of the RepA-WH1 domain into amyloid fibrils, which
would probably be arranged around a pB-sheet axial cord (Fig. 5E).
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Discussion

In this report it is shown that transient binding of the WH1 domain
of the bacterial plasmid replication protein RepA to small dsDNA
fragments with defined sequence drives its assembly into distinct
amyloid nanostructures. These can be further modulated by single
point mutations in Ala-31, a WHI residue in a region not involved
in DNA binding (20). In WH1 dimers, the amyloidogenic region is
mostly folded into an a-helix (C terminus of «2) (Fig. 14) (19, 20).
Sequences with the potential for p-aggregation in proteins are
commonly found in a-helices (16, 17). This could be a means to
imprint a protein stretch for an ulterior conformational rebuilding.

The findings reported here suggest that ligand-induced
transient and local destabilization of a protein fold could
expose amyloidogenic residues, prone to aggregation, in re-
gions distal to the binding pocket. The occurrence of just a few
intermolecular contacts, in a quasi-native folding intermedi-
ate, would be sufficient to drive the assembly of amyloids
(25-28). In the light of the previous work on DNA-induced
transformation of RepA (20, 22, 23), there is an inverse
correlation between the magnitude of the structural change
elicited by each dsDNA sequence (iteron = nonspecific >
operator) and the internal order of the resulting WH1-A31V
assemblies (irregular < spheroids < fibrils). The exposure to
the solvent of hydrophobic residues in WH1, associated with
S'iter binding and monomerization (19), must lead to uncon-
trolled aggregation. The resulting spheroids resemble bacterial
inclusion bodies, which share some of the features of amyloids,
albeit with much reduced internal order (29). More subtle
structural changes, coupled to opsp DNA binding (19-23),
would lead to the ordered assembly of dimeric WH1-A31V into
fibers. Alternatively, the inducer effect of opsp could consist
in shielding the electropositive patch at the DNA binding
interface in WH1 (20), thus avoiding electrostatic repulsion
and facilitating its tight package into the fibers through the
amyloidogenic motif. In a sense, the dsSDNA fragments assayed
fulfill some of the requirements for being considered molec-
ular chaperones because they assist the folding and assembly
of WHI1 into amyloid nanostructures (30).

Besides RepA-WHI1, nucleic acid-induced amyloid aggregation
has been previously reported for the conversion of the soluble
mammalian prion protein (PrP¢) into its aggregated pathogenic
form (PrPs¢) (5-8). However, a mixture of fibrillar and spheroidal
assemblies was obtained, probably because of the very long DNA/
RNA molecules tested and thus their heterogeneous sequences (6,
8). Although the results discussed in this article do not necessarily
imply that nucleic acids are involved in prion conversion (the elusive
“factor-X”; ref. 9), they suggest that these natural ligands could also
be potential promoters of amyloid aggregation in other proteins.

A full characterization of the structure of WH1-A31V fibers is
needed. In advance of that, a few structural principles emerge: (i)
DNA is not physically part of the fibers (Fig. 3), as expected from
the protein-only principle of amyloid structure (1) and from the
small length of the oligonucleotides assayed, being unable to build
a template long and continuous enough to be then coated with
protein. (if) Because the binding to the operator sequence does not
dissociate RepA (22, 23), the dimensions of each of the two fibrils
(Fig. 2) should accommodate a discrete number of WH1 dimers per
turn. (ifi) The amyloidogenic motif in WH1 could have a role, as
suggested by mutations (Figs. 1 and 2) and the A31V peptide (Fig.
5), in assembling a cross- fiber backbone. However, a contribution
from the antiparallel B-sheet responsible for WH1 dimerization
(20) to amyloidogenesis cannot be excluded, because sheets from
neighboring dimers could stack orthogonal to the fiber axis, con-
stituting a second fibril-forming segment (31). The tentative model
proposed for the peptide fibers (Fig. SE) falls into the class-7
(“face-to-back” stacked sheets, with the edges of the antiparallel
strands up) of cross-f spines, according to the classification recently
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proposed from the structures of 13 amyloid peptide microcrystals
(31). (i) If the rest of WH1-A31V remains natively folded in the
fibers, these would fit into the “gain of interaction through a cross-3
spine” class of amyloids (13). WH1 amyloidogenic stretch is part of
a very stable subdomain (al-a2-a5) that brings together both
protein ends (20). Thus, a “three-dimensional domain-swapped”
type of assembly (13) seems unlikely, because it would imply
extensive unfolding/refolding, the kind of structural transformation
that occurs upon iteron-induced monomerization, not upon oper-
ator binding (19-23).

Bacterial genomes, while developing efficient chaperone net-
works, have successfully avoided the accumulation of genes coding
for amyloidogenic proteins (24). There are very few naturally
amyloidogenic proteins in bacteria, mostly secreted to an extracel-
lular location, as the CsgA curly fibrils that have a role in biofilm
formation (32). In terms of the role for RepA protein in pPS10
replication, it is noteworthy that A31V, the mutation enhancing the
amyloidogenicity of WH1, was the most frequently isolated in a
search for mutations expanding the plasmid host range beyond
Pseudomonas, improving the interaction between RepA and host
factors (33). An implication of the findings discussed here is that
protein—protein contacts carried out through the amyloidogenic
region in WH1 would involve the formation of a B-sheet. This could
be the case for the replication inhibitory handcuffed arrays, in which
two plasmids are bridged together through interactions between
multiple origin-bound RepA molecules, thus hindering origin firing
(reviewed in ref. 34).

Beyond the interest of this report in the quest for natural factors
contributing to trigger the aggregation of proteins into amyloids, the
ability to build at will protein supramolecular assemblies with
defined morphologies is a crucial issue in nanotechnology. It also
opens the way to the design of a simple, intracellular, and non-
pathogenic bacterial model system for high-throughput approaches
to the screening of small molecules that, by targeting its universal
structural basis, would inhibit amyloid aggregation.

Materials and Methods

Mutagenesis, Expression, and Purification of RepA-WH1. Site-directed
mutagenesis of the amyloidogenic motif in WH1 was performed by
PCR on the pPSECI vector (22) by using the following oligonu-
cleotides (mutations underlined): A31S, 5-CTCATCG-
AATCGTCACATACGTTGACACTCAATGAGAAACGCC-
TAGTGCTATGCGCTTCGTCTTTGATCGATTCACGTAA;
A31V, 5'-CTCATCGAATCGTCACATACGTTGACACT-
CAATGAGAAACGCCTAGTGCTATGCGCTGTGTCTTTG-
ATCGATTCACGTAA.

The reverse primer used was AC133-R (HindIII site underlined;
stop codon in lowercase): 5'-GCTAAGCTtcaCTTGAGCTGAT-
AGCTGGTGAA. A second PCR round was performed on the
fragments amplified by using the same reverse primer, but an
overlapping forward oligonucleotide reconstructing the 5’ end of
repA gene plus a Sacll site (underlined; Met-1 codon in lowercase):
5'-GCTCCGCGGGGCAGCatgGTCGAGAACAAAGTCAC-
GCAGTCCAATAAACTCATCGAATCGTCAC.

The PCR products were cloned into the expression vector
pRGrectac-NHis, a variant of pRGrecA-NHis (21) that includes a
Clal cassette with the Pfac promoter. Constructs were verified by
DNA sequencing (ABI3730; Applied Biosystems). Protein expres-
sion was performed in the Escherichia coli strain BL21, carrying the
pLysS plasmid to lyse cells after freezing-thawing. Protein purifi-
cation was carried out under native conditions as described (21), but
using the high-density IDA matrix manufactured by Agarose Bead
Technologies for Ni?* affinity (gradient to 0.4 M imidazole) and
substituting ammonium sulfate and acetate by sodium sulfate and
phosphate, respectively, in the SP-Sepharose chromatography that
follows the thrombin cleavage of the His-6 tag (21). Protein
concentration was worked out in 5.4 M GuHCI, assuming a molar
extinction coefficient (280 nm) of 12,950 M~tem~! (www.

17392 | www.pnas.org/cgi/doi/10.1073/pnas.0702006104

expasy.ch/tools/protparam.html) per RepA-WHI1 chain. Protein
stocks (70 uM, after Amicon concentration) were kept at —70°C in
0.2 M Na,SOy, 15 mM Na,HPO, (pH 6), 5 mM 2-mercaptoethanol,
and 10% (vol/vol) glycerol.

Setup for RepA-WH1 Amyloidogenesis in Vitro. Screening for condi-
tions resulting in WH1 aggregation was performed in Eppendorf
tubes by mixing 50 ul of protein stock (after centrifugation at 15,700
X g for 5 min) with the same volume of solutions composed of
different salts, buffers, and additives. Samples were left to stand at
4°C for 2-4 weeks. The mixing solution leading to the protein
aggregates discussed here was 60 mM TrissHCl (pH §), 8§ mM
MgSOs, 14% PEG4000, and 6% MPD. When indicated, 11-bp
DNA oligonucleotides (either 5'iter, opsp, or telo) (Fig. 2) were
included in the mixing solution. They were synthesized (1 pwmol;
Applied Biosystems Model 3400), purified, and annealed (200 uM
stocks) as described (21).

Looking for DNA in WH1-A31V Fibers. A total of 50 ul of a 1-month-
old WH1-A31V plus opsp (35 uM) preparation was spun down
(100,000 X g for 1 h at 4°C), and then 10-ul aliquots of the
supernatant and the resuspended pellet were processed as follows:
The first sample was loaded onto a 15% polyacrylamide gel (19:1
acrylamide:bisacrylamide, 0.5X TBE), and electrophoresis was
carried out at 100 V for 30 min before ethidium bromide staining
and UV detection (Gel Doc 2000; Bio-Rad). The second one was
run in a native 6% polyacrylamide (29:1) protein gel, in which SDS
and the stacking gel had been omitted, with the polarity of the
electrodes inverted (WH1 theoretical pI = 9.42), at 150 V for 3 h.
The gel was stained with Coomassie blue. In addition, two 10-ul
aliquots of an untreated preparation of mature fibers were digested
with 1.0 unit of DNasel (Worthington) for 1 h at 25°C and then
analyzed by electrophoresis as just described. A third aliquot was
processed for TEM (see below).

CD Spectroscopy. Spectra were acquired with a Jasco-720 spectropo-
larimeter using 0.1-cm path-length quartz cuvettes (Hellma). The
cell holder was kept at 5°C with a Peltier module. For comparing
the average secondary structure of the WHI1 proteins, 200-ul
samples were made by diluting each protein stock to 15 uM in 0.1
M Na,SO4 and 15 mM Na,HPO, (pH 6). CD spectra were acquired
between 260 and 195 nm (20 nm/min scan speed). Five spectra (10
for the A31V peptide) were averaged for each sample, and the
buffer was subtracted as a blank. Raw data were transformed to
molar ellipticity [ 0] and plotted with KaleidaGraph software version
3.6.2 (Synergy). For thermal denaturation, temperature was in-
creased from 5°C to 90°C (at 20°C/h) monitoring variations in the
ellipticity at 222 nm. Samples analyzed in Fig. 44 were diluted 1/5
in water before spectra acquisition. When appropriate, spectra for
free dSDNAs were subtracted as described (22). Secondary struc-
ture contents for the A31V peptide were estimated by means of
SOMCD (35) at http://geneura.ugr.es/cgi-bin/somed/som.cgi.

Differential CR Absorption Spectroscopy. A 7 mg'-ml~! CR (Sigma)
solution in water was clarified at 15,700 X g for 5 min before 1/100
dilution (to 0.1 mM) in 0.1 M Na,SO4 and 20 mM Tris-HCI (pH 8).
Aliquots (985 ul) were dispensed into plastic cuvettes (1-cm path
length). A total of 15 ul from each WH1 (with or without DNA)
or peptide sample was added, gently mixed, and left to equilibrate
at room temperature for 30 min. Differential UV absorption
spectra were acquired between 400 and 700 nm (1-nm steps) in an
Amersham Ultrospec-3300pro spectrophotometer by using as a
reference blank a protein-free sample of the buffer used in the
amyloidogenesis assays (with or without DNA) diluted in the CR
solution. Two consecutively acquired spectra were averaged by
using KaleidaGraph.
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TEM. Collodion-carbon-coated and glow-discharged copper grids
(300 mesh) were placed on 4-ul drops of each WH1 amyloidogenic
solution displayed on a Parafilm sheet. After 1.5 min, grids were
washed twice by rising through 5-ul drops of milli-Q water before
being left for 2 min in 2% (wt/vol) uranyl acetate. Excess solution
was then removed with filter paper and left to dry further. Grids
were then examined in a JEOL JEM-1230 transmission electron
microscope operating at 100 kV.

Synthesis, Purification, and Assembly of an Amyloidogenic RepA-WH1
Peptide. The 12-residue peptide NH,-YR,sLVLCAVSLID3s-
COOH, including the amyloidogenic motif in WH1-A31V (under-
lined), was made in a PerkinElmer Synergy synthesizer (Fmoc
chemistry, 25 umol), and its purity was estimated to be =98% by
means of MALDI-TOF mass spectrometry. The peptide was
dissolved (2 mM) in 6 M GuHCI, 50 mM Tris"-HCI (pH 8), and 50
mM 2-mercaptoethanol and diluted to 35 uM in 0.1 M Na,SO,4 and
20 mM Tris-HCI (pH 8). Samples were then incubated at 4°C.

X-Ray Diffraction on Peptide Fibers. The A31V peptide was resus-
pended to saturation in 10 mM Tris-HCI (pH 8) and then trans-
ferred to a quartz capillary tube (1 mm @) where it was left to dry
for a week. A series of x-ray diffraction still images, rotated by 0°,
45°, and 90°, were exposed (90 min each) at room temperature. The
experimental setup consisted of an Enraf-Nonius FR-591 rotating
anode (Cu-Ka), operating at 40 kV, and a MarResearch-345
detector, with sample-to-plate distances ranging from 150 to 300
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mm. The average resolution corresponding to each diffraction ring
was determined by means of the software distributed with the image
plate.

Modeling Amyloid Peptide Assemblies. A four-stranded B-sheet
model for the A31V peptide was manually built by means of
Swiss-PdbViewer (36), keeping an average interstrand distance of
~47 A (Fig. 5D). An antiparallel arrangement of the peptide
strands was selected to accommodate the electrostatic interactions
between charged N-terminal (+) and C-terminal (—) residues.
Contiguous strands were right-hand twisted by ~10° to get the
lowest energy conformation for the resulting B-sheet. An extra
sheet was then layered, spaced from the first one by ~10.6 A (Fig.
5D). The model was then energy-minimized by using Tinker v.4.2
(http://dasher.wustl.edu/tinker) with the AMBERYS9 force field to a
rmsd of 0.1 kcal'mol -A~! (final global energy: —3,839
kcal'mol ™).
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