Minimalist design of water-soluble cross-p architecture
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Demonstrated successes of protein design and engineering sug-
gest significant potential to produce diverse protein architectures
and assemblies beyond those found in nature. Here, we describe a
new class of synthetic protein architecture through the successful
design and atomic structures of water-soluble cross-§ proteins. The
cross-p motif is formed from the lamination of successive p-sheet
layers, and it is abundantly observed in the core of insoluble amy-
loid fibrils associated with protein-misfolding diseases. Despite its
prominence, cross-f§ has been designed only in the context of insol-
uble aggregates of peptides or proteins. Cross-f§'s recalcitrance to
protein engineering and conspicuous absence among the known
atomic structures of natural proteins thus makes it a challenging
target for design in a water-soluble form. Through comparative
analysis of the cross-p structures of fibril-forming peptides, we
identified rows of hydrophobic residues (“ladders”) running across
p-strands of each p-sheet layer as a minimal component of the
cross-f motif. Grafting a single ladder of hydrophobic residues de-
signed from the Alzheimer’s amyloid-f peptide onto a large -sheet
protein formed a dimeric protein with a cross-p architecture that
remained water-soluble, as revealed by solution analysis and
x-ray crystal structures. These results demonstrate that the
cross-f motif is a stable architecture in water-soluble polypeptides
and can be readily designed. Our results provide a new route
for accessing the cross-p structure and expanding the scope of
protein design.
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he cross-f motif is a major class of polypeptide architecture

common to a wide range of insoluble protein assemblies (1).
While it is prominently known as the underlying structure of the
amyloid fibrils associated with protein-misfolding diseases (2),
the cross-p architecture also comprises robust materials such as
spider silk and bacterial biofilms (3). Cross-f’s versatility and re-
markable stability therefore make it an attractive architecture for
protein and nanomaterial design (4).

The rapidly growing repertoire of structures of the cross-p
spine (5-10) demonstrates that the fundamental unit of cross-p
is laminated f-sheets whose strands run perpendicular to the
long-axis of the protein assembly (1) (Fig. 14). This p-rich com-
position produces the characteristic 4.8 A and 10-11 A reflections
observed in x-ray diffraction experiments of fibrils, which are at-
tributed to the strand spacing within and between p-sheet layers,
respectively (Fig. 14) (1, 11). Though a regular pattern of back-
bone hydrogen bonds provides the framework for cross-f, amino
acid side chains play a key role in the formation and stabilization
of the laminated architecture. The periodicity of peptide units
inherent in cross-f} self-assemblies gives rise to a repeating pat-
tern of side chains (“ladders”) running across p-strands within
each p-sheet layer (Fig. 1B). These ladders control the p-sheet-
forming propensity and surface properties of the self-assembly as
well as direct the formation of dry and wet interfaces between the
B-sheet layers (5, 6). The ladders on the dry face are well packed
and form tightly interdigitated interactions termed “steric zip-
pers”, whereas the wet face is hydrated and more loosely packed
(5, 6). Designed short peptides that recapitulate insoluble cross-p
self-assemblies have further defined general characteristics of
fibril-forming sequences beyond those associated with diseases
(12, 13).

www.pnas.org/cgi/doi/10.1073/pnas.0912654107

Although cross-p structures are abundant in insoluble protein
deposits and thus comprise an important class of insoluble
protein architecture, there are few examples of cross-f interac-
tions among the tens of thousands of atomic structures of natural
water-soluble proteins. Though early protein and amyloid re-
search focused on analyses of these natural polypeptides, ad-
vances in our understanding of molecular recognition and
evolution in conjunction with recombinant DNA technologies
have now enabled the generation of “synthetic” proteins that
do not exist in nature. Design, production, and characterization
of synthetic proteins test our fundamental understanding of pro-
teins as well as expand the universe of protein architecture and
function (14-16). A robust design strategy should be applicable to
cross-} investigation. However, the scarcity of well-characterized,
water-soluble cross-f motifs has made it difficult to understand
how this architecture may be designed outside the context of
self-assemblies of short peptides (3), for which substantial com-
putational design has been performed (17-20). To date, no water-
soluble cross-f structures have been successfully produced. At-
tempts to graft segments of amyloid-forming peptides into
water-soluble proteins have resulted in insoluble fibril-like assem-
blies (21, 22) or structurally ill-characterized materials (23). Sev-
eral previous studies which grafted segments of amyloid-forming
peptides into globular proteins have produced fibril-like struc-
tures through either domain swapping or intermolecular associa-
tion of amyloidogenic sequences, but unfortunately either the
atomic structure of these assemblies could not be validated or
they have demonstrated architecture which is inconsistent with
that of cross-p (22-26). As such, one might consider the cross-
B architecture to be incompatible with requirements for water-
soluble polypeptides.

Adapting the cross-p motif to a water-soluble form would be
an important achievement in expanding the repertoire of avail-
able protein architectures. The ability to generate water-soluble
cross-f proteins would not only further advance our understand-
ing of factors governing cross-f formation in natural systems, but
would also broaden the scope of protein design and engineering.
Here we report the successful design and atomic structures of a
unique class of synthetic water-soluble proteins built to form the
cross-p architecture. Our results reveal surprisingly simple re-
quirements for the cross-p structure and suggest a unique direc-
tion in protein design.

Results and Discussion

Cross-p Design Using Minimalist Motifs. The rapid growth in the
number of structures of fibril-forming peptides obtained by x-
ray crystallography and solid-state NMR spectroscopy provides
a wealth of common characteristics that could be applied towards
the rational design of the cross-p motif in globular proteins (5-9,
27, 28). We envisioned that a water-soluble cross-p architecture
could be designed by mimicking structural features of cross-f§
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Fig. 1. The architecture of cross-p fibrils and PSAMs. (A) Diagram of cross-§

architecture formed from the lamination of f-sheets. The long-axis and typi-
cal distances between intra- and intermolecular g-strands are shown. Though
antiparallel p-sheets are shown, cross-p can be formed from either antipar-
allel or parallel p-sheets. (B) Schematic drawing depicting the concept of
cross-strand ladders and the formation of a cross-p dimer from f-sheets con-
taining hydrophobic ladders. Circles denote amino acid side chains that form
cross-strand ladders consisting of two amino acid types (colored differently).
(C) Left, the PSAM scaffold is shown as a cartoon, with the single-layer p-sheet
segment (SLB) colored blue and the N- and C-terminal globular domains co-
lored gray. The side chains of the two cross-strand ladders used as hosts are
shown as stick models and colored by element. The carbon atoms of Ladders
1 and 2 are shown in orange and blue, respectively. The table summarizes the
amino acid identities of the ladders. (D) Amino acid identities of PSAMs used
in this work presented in the table format as in C. Their amino acid sequences
are presented in Fig. S1.

while controlling the degree of self-assembly. We identified the
“peptide self-assembly mimic” (PSAM) system, which captures
a segment of a peptide self-assembly within a water-soluble
and monomeric protein, as a promising scaffold for this approach
(29) (Fig. 1C). The PSAM scaffold employed in this work is a
variant of Borrelia burgdorferi Outer surface protein A (OspA)
containing three additional copies of a f-hairpin segment derived
from the OspA single-layer p-sheet (SLB) (29). The PSAM scaf-
fold, previously referred to as “OspA+3bh” (29), thus contains a
large SLB comprised of four identical 23-residue p-hairpins that
are capped by the N- and C-terminal globular domains of OspA
(Fig. S1). Because the PSAM is a single polypeptide, its sequence
can be precisely and easily manipulated while maintaining both
pB-strand register and orientation (30). Importantly, we have re-
cently produced a PSAM containing a particularly flat B-sheet
(termed “YY/KE”; Fig. 1C and Fig. S1) suitable for cross-p
design in this work (30).

Our strategy for generating water-soluble cross-f was to iden-
tify and graft minimal architectural features from known cross-f
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assemblies into the PSAMs. Hydrophobic ladders are commonly
found in many amyloid fibril models and may play an important
role in generating a dry interface (31, 32), and were thus selected
as the basic design principle. We recapitulated the hydrophobic
ladder motif by introducing mutations into adjacent host ladders
located on the same face of the PSAM f-sheet (denoted as Lad-
der 1 and Ladder 2; Fig. 1C). The ladders were built using alter-
nating Leu and Phe residues (Fig. 1B, D; Fig. S1). This ladder
motif would be present in an antiparallel assembly of the Leu-
X-Phe or Phe-X-Leu sequence (where X is any amino acid) (33).
The Leu-X-Phe sequence has a high propensity for fibrillization
(12) and forms a hydrophobic ladder in the amyloid-p (Ap) core
region (the amino acid sequence, LVFFA) (8, 31, 34). This Ap
segment can form the core of either parallel or antiparallel as-
semblies depending on its flanking sequences (33). A Leu-Phe
ladder is also present in fibrils of the human islet amyloid poly-
peptide (32). We initially designed a PSAM mutant containing a
single Leu-Phe ladder to determine if this minimal motif was
sufficient for generating cross-f (termed “YY/LF”; Fig. 1D).
To gauge the effects of having two neighboring hydrophobic lad-
ders, we also produced a mutant in which the Leu-Phe pattern
was introduced into both of the host ladders (“FL/LF”; Fig. 1D
and Fig. S1).

Designed Cross-§ Proteins are Soluble and Stable. The PSAMs con-
taining hydrophobic ladders (YY/LF and FL/LF) were expressed
in E. coli as soluble proteins, and, unlike the starting YY/KE
PSAM that is predominantly monomeric, they formed dimers as
monitored by gel filtration chromatography (Fig. 24) and analyti-
cal ultracentrifugation (Fig. 2B). This dimerization is consistent
with the formation of a cross-f} architecture through lamination of
linear stretches of hydrophobic residues on the PSAMs. In con-
trast, a mutant in which only the Leu residues were introduced at
every other ladder position (“YY/LE”; Fig. 1D and Fig. S1) was
monomeric (Fig. 24), suggesting the importance of a contiguous
hydrophobic ladder in promoting p-sheet lamination. Urea dena-
turation experiments further showed the mutants were thermo-
dynamically stable (Fig. S2).

To investigate dimerization kinetics, we monitored the time-
dependent exchange of subunits between PSAM complexes.
We prepared two samples of the YY/LF PSAM with either an
N-terminal His-tag fusion (two His-tags per dimer) or with the
His-tag cleaved (zero His-tags per dimer). Using cation exchange
chromatography, we successfully separated the zero and two
His-tag species at opposite ends of a salt gradient (Fig. 2C).
By combining equal amounts of these samples and incubating
the mixture between 0-24 h, we observed an incremental deple-
tion of the zero and two His-tag dimer peaks and the growth of a
new peak (shown by size-exclusion chromatography to also be a
dimer) midway between them. These data are consistent with the
formation of a dimer species containing one His-tag resulting
from subunit exchange (i.e. dissociation and reassociation) of
PSAM subunits. The PSAM subunits exchanged with a half-life
of approximately 1 d, demonstrating the kinetic stability of the
dimers (Fig. 2C).

We also tested whether YY/LF and FL/LF could form a het-
erodimer. Mixing equal amounts of the two proteins in urea and
refolding them resulted in the formation of the expected 1:2:1
ratio of the YY/LF homodimer: heterodimer: FL/LF homodimer
(Fig. S3). These results suggest that dimerization is not highly
sensitive to the amino acid identity of the hydrophobic ladders.
The importance of hydrophobic interactions has also been
observed in the Ap peptide, where a number of hydrophobic sub-
stitutions maintain its ability to form fibrils (35).

Thioflavin-T Binding to Cross-f PSAMs. We have recently designed a

monomeric PSAM containing hydrophobic ladders composed of
Tyr and Leu across five fB-strands (5-YY/LL) that binds the
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Fig. 2. Dimer formation of cross-f PSAMs. (A) Size-exclusion chromatograms
of PSAM:s. Proteins are identified in the figure and the positions correspond-
ing to the monomeric and dimeric species are marked. (B) Sedimentation ve-
locity analytical ultracentrifugation. The relative populations of YY/KE, YY/LF
and FL/LF are plotted as a function of sedimentation coefficient, S. The mono-
mer and dimer peaks are labeled. (C) Time-dependent subunit exchange
monitored via cation exchange chromatography. An equimolar mixture of
YY/LF dimers containing either zero or two His-tags was analyzed over a
24 h incubation period. Peaks corresponding to dimers containing zero
and two His-tags (starting materials) and that for a dimer species containing
one His-tag (exchange product) are marked. (D) ThT binding to the YY/LF
cross-f PSAM. Fluorescence emission at 485 nm of 10 pM ThT is plotted as
a function of PSAM concentration. The 5-YY/LL and YY/KE PSAMs are in-
cluded as positive and negative controls.

amyloid dye Thioflavin-T (ThT) with high affinity. Its crystal
structure and molecular dynamics simulations strongly suggest
that ThT binds across the p-strands of the SLB within a shallow
groove formed by the designed ladders (36, 37). Because of the
sequence similarity of the 5-Y'Y/LL hydrophobic ladders to those
in YY/LF and FL/LE we investigated ThT binding to these di-
meric PSAMs. Interestingly, although the dimeric PSAMs bound
to ThT, they exhibited much weaker affinity than the monomeric
5-Y/LL PSAM (Fig. 2D). As described below, the weak ThT bind-
ing of the dimeric PSAMs, despite the presence of aromatic/
hydrophobic ladders seemingly capable of ThT binding, can be
attributed to the sequestration of the ladders within the dimer-
ization interface.

X-ray Crystal Structures of Cross-f PSAMs. The crystal structures of
the YY/LF and FL/LF dimers were determined at 1.65 and
2.50 A, respectively (statistics are given in Table S1). Because of
the weak but significant ThT binding, we performed crystal
screens of the dimeric PSAMs both in the presence and absence
of ThT. Interestingly, though YY/LF crystallized in conditions
with and without ThT, only crystals grown in the presence of
the dye were of diffraction quality. However, no unambiguous
electron density for ThT was observed in YY/LE In contrast,
FL/LF crystallized only in the absence of ThT.

The structures of YY/LF and FL/LF revealed laminated eight-
stranded p-sheets exhibiting features characteristic of the cross-f
motif (Fig. 3). In both, the asymmetric unit contains two confor-
mationally similar PSAM molecules bound head-to-tail (the Ca
root mean squared deviations (RMSDs)) between PSAM subu-
nits in each asymmetric unit are 1.4 A for YY/LF and 0.7 A for
FL/LF), and PSAM dimerization was mediated by mutual inter-
actions of the designed hydrophobic ladders. The long axes of the
two sheets, defined as in fibrils (Fig. 14), are aligned in a nearly
parallel manner (Fig. 3B). The peptide backbones of the two
B-sheets are separated by 10 A at their closest point, consistent
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Fig. 3. The x-ray crystal structures of cross-p PSAMs. (A) The overall structure
of the YY/LF PSAM dimer is shown in surface and cartoon representations, in
two orthogonal views. Molecule A is in green and molecule B in blue. The
N- and C-terminal domains are indicated. The two molecules are related
by pseudo-two-fold symmetry (dashed line). (B) The arrangement of the
laminated p-sheet segment of YY/LF PSAM. Residues 118-209 are shown
in orthogonal orientations, with the same coloring scheme as in A. The
Co-Ca distances across the p-sheets and the positions of the YY and LF ladders
are indicated. (C) Comparisons of the backbone conformations of the central
B-sheet regions of the YY/KE (Orange), YY/LF (Blue), FL/LF (Magenta) PSAMs.
(D) Comparisons of the cross-f PSAM dimers, showing alignments of molecule
A (Left) and an orthogonal view of the entire dimer complex (Right). Proteins
are shown as Ca traces, with YY/LF in blue and FL/LF in pink.

with a typical cross-p architecture (2), and 18 A at the farthest
(Fig. 3B). Consequently, the planes of the two p-sheets have a
relative pitch of ~30° (Fig. 3B, Fig. 4C, D). The two B-sheet layers
are staggered, positioning p-strands on each side of the dimer in-
terface between the strands on the opposite face, as seen in cross-
B spine structures (5, 6) and amyloid-p models (8) (Fig. 4C).
YY/LF and FL/LF are structurally similar, with a Coa-Ca
RMSD of 2.4 A for the overall dimeric complex (Fig. 2D, right),
2.0 A for the underlying PSAM subunits (Fig. 2D, left), and 1.6 A
for the central p-sheets (Fig. 2C). The fact that YY/LF and FL/LF
share similar solution properties and have nearly identical struc-
tures suggests that the addition of ThT is not required for stabi-
lizing the designed architecture. Importantly, the site analogous
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Fig. 4. The interface structures of synthetic cross-p. (A) The dimer interface
of the YY/LF PSAM dimer. The dimer has been opened like a book along the
axis indicated, with molecule A on the right and molecule B on the left. The
red coloration indicates surfaces in the LF ladder that are buried in the inter-
face (defined as atoms within 5 A of the adjacent molecule). The yellow sur-
faces are for those atoms in the LF ladder that are not buried in the interface.
All other contacts are colored orange. The insert shows how the hydrophobic
ladder from subunit B (shown as stick models) overlays on the subunit A sur-
face. (B) The dimer interface of the FL/LF PSAM dimer. The coloring scheme is
the same as in A, but the red and yellow surfaces are for atoms in both hy-
drophobic ladders. (C) The packing of the cross-p segment of YY/LF. At left,
the side chains of the YY and LF ladders are shown as spheres. For clarity, only
two adjacent f-strands from molecules A and B are shown. At Center and
Right are shown orthogonal representations of all side chains of the YY
and LF ladders. The p-strands are shown as cartoons. The loop regions have
been omitted for clarity. Side-chain carbons are colored green and blue for
molecule A and molecule B, respectively. (D) The packing of the cross-p seg-
ment of FL/LF depicted in the same manner as in C.

to the ThT binding site of the monomeric 5-YY/LL PSAM is
sterically occluded in the YY/LF and FL/LF structures due to
tight packing of the hydrophobic ladders. These results are in
agreement with molecular dynamics simulations indicating that
ThT rarely binds between laminated B-sheets but rather prefer-
entially binds onto exposed surfaces (37).

In both cross-p PSAM structures, the residues in the hydropho-
bic ladders form a dry interface dominated by intermolecular hy-
drophobic interactions. Over two-thirds of the contacts between

3472 | www.pnas.org/cgi/doi/10.1073/pnas.0912654107

the laminated f-sheets (~895 A? and ~710 A? buried surface
area per monomer in the cross-p regions of YY/LF and FL/LF,
respectively, Table 1) are nonpolar in composition (Fig. 44).
The hydrophobic ladder residues pack both across and within
strands to form a largely continuous hydrophobic surface on each
monomer (Fig. S4). Although FL/LF contains two hydrophobic
ladders, the Leu-Phe ladder of Ladder 2 was partially exposed
to solvent (Fig. 4B, D), as was the equivalent ladder consisting
of Tyr in YY/LF (Fig. 44, C). The inability of the second hydro-
phobic ladder to form a dry interface appears to be due to
steric clashes of the capping domains (Fig. 44, B). The capping
domains in both structures make numerous intersubunit contacts
(~450-550 A?), and they exhibit a localized hinge-like bending
relative to their conformations in monomeric PSAMs (Fig. S5
and Movie S1). Despite these deformations, the secondary struc-
tures of the cross-p PSAMs remain effectively unchanged (Fig. 3).
The fact that PSAMs lacking the hydrophobic ladder mutations
do not form dimers suggests that the contacts involving the cap-
ping domains are primarily opportunistic and artifacts of bringing
the SLBs into close proximity. Thus, the intermolecular interac-
tions of the hydrophobic ladders occurred even at the expense of
the distortion of the scaffold, suggesting that these cross-p struc-
tures are energetically favorable.

B-Sheet lamination in the PSAMs occurs essentially parallel to
the hydrophobic cross-strand ladders, causing steric clashes of the
N- and C-terminal capping domains (Fig. 34). The majority of
these clashes would have been avoided by laminating diagonally
(with perpendicular strands instead of parallel strands), as is
often observed in the case of p-sandwich proteins. However, di-
agonal lamination would incorporate a large number of charged
and polar residues into the hydrophobic interface. These results
suggest that hydrophobic burial in the PSAM dimers is a parti-
cularly favorable mode of p-sheet lamination, and underscores
how the parallel orientation of $-sheet layers in cross-p maximizes
the number of repetitive, productive chemical contacts in a
self-assembly.

The fact that both PSAMs exhibit the same head-to-tail dimer-
ization suggests that this is an energetically preferred orientation
(Fig. 34). In this arrangement, homotrophic interactions between
the two hydrophobic ladders (Ladder 1-Ladder 1 and Ladder 2-
Ladder 2) were formed, consistent with Class 8 of Eisenberg’s
nomenclature for amyloid fibril orientations (6). The opposite,
head-to-head arrangement of the PSAMs would have led to het-
erotrophic ladder interactions (Ladder 1-Ladder 2). Although
the YY/LF PSAM would produce distinctly different dimer inter-
faces between the two arrangements, the similarity of Ladder 1
and Ladder 2 in FL/LF would produce effectively identical fp-
sheet interfaces in either arrangement. It is therefore unlikely
that the amino acid sequence of the ladders solely dictated the
orientation of the PSAMs. Instead, the crystal structures suggest
that the observed head-to-tail dimerization is favored because it
creates fewer steric conflicts among the capping domains. In
contrast, the hypothetical head-to-head orientation would bring
the larger C-terminal domains of two subunits in close proximity
(there are ~130 residues in the C-terminal domain versus ~90

Table 1. Interface composition of cross-p PSAMs

Surface Area Buried (A?) * Nonpolar Contacts

YY/LF t 1323 66%
YY/LF (SLB) * 894 1%
FULF t 1264 68%
FL/LF (SLB) * 712 77%

*Surface area burial is reported for a single subunit, and is derived from the
average value of the two subunits comprising each cross-p PSAM.

"Buried surface area for the entire PSAM.

*Buried surface area only for the single-layer p-sheet segment (residues
118-209).
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residues in the N-terminal domain), thus leading to severe steric
conflicts between the underlying PSAMs. These results indicate
that cross-p architectures can be controlled by altering regions
flanking the laminated B-sheet interface.

Comparison of Soluble Cross-p and Amyloid Fibril Models. The cross-p
PSAM structures represent the largest segments of cross-p archi-
tecture determined to date. It should be noted that cross-f struc-
tures of self-assemblies of short peptides determined with x-ray
crystallography or solid-state NMR spectroscopy inherently as-
sume that all self-assembling subunits have an identical structure
(5-9). Furthermore, infinite p-sheet lamination is a prerequisite
for crystallizing small self-assembling peptides (5-7). Thus, these
PSAMs offer a unique opportunity to characterize cross-p struc-
tures with fewer constraints imposed by experimental limitations.
The cross-p PSAMs have 6-8° twist per f-strand (Fig. 2B), similar
to those found for computationally optimized cross-f spine struc-
tures (38) but smaller than those estimated from micrographs of
amyloid fibrils (~15°) (2). Additionally, the four p-hairpin repeats
constituting the cross-f PSAMs exhibit slightly different confor-
mations with pairwise Coe RMSD values of ~0.4-1.2 A, providing
a rare insight into structural heterogeneity within a cross-f} assem-
bly. Such subtle conformational heterogeneity can lead to differ-
ences in morphology when propagated over a large number of
peptide units (29).

Role of Hydrophobic Ladders in Cross-p Assembly. The ability of the
PSAM system to precisely replace amino acid side chains without
significant changes in the underlying p-sheet framework has
allowed us to dissect the contributions of a number of normally
overlapping factors and to directly address the role of amino acid
ladders in the cross-f architecture. These results demonstrate
that hydrophobic residues linearly aligned across p-strands are
a particularly favorable force in driving p-sheet lamination and
may play a central role in generating ordered self-assemblies
and protein oligomers. Because a mutation in a peptide sub-
unit is propagated throughout a peptide self-assembly, a single
hydrophilic-to-hydrophobic mutation (such as the Glu-to-Phe
mutation in the transition from the monomeric YY/LE to the di-
meric YY/LF; Fig. 1D) can lead to the formation of a fully hy-
drophobic ladder and drastically change the overall surface
properties of the assembled f-sheet, thus tipping the conforma-
tional equilibrium towards the formation of cross-p (13, 39). The
capacity of even a short hydrophobic ladder to drive p-sheet la-
mination suggests that a peptide containing multiple hydrophobic
residues may form a variety of cross-f structures by employing
distinct hydrophobic ladder configurations. Such alternative
modes can explain the structural polymorphs of amyloid fibrils
that are observed for the same amino acid sequence (32, 40-42).

The use of hydrophobic cross-strand ladders on a single face of
the SLB allowed us to create a highly soluble “self-sealing” archi-
tecture with a well-defined orientation (43). These characteristics
were essential to designing a cross-f architecture free of the ag-
gregation tendencies present in uncontrolled or infinitely extend-
ing modes of self-assembly typically associated with cross-f. The
fact that the PSAM mutants were either predominantly mono-
meric or predominantly dimeric is notable in the engineering of
protein assemblies, as previous attempts to generate protein as-
semblies by introducing point mutations have often produced
complexes with substantial monomer-oligomer equilibria (44).
In contrast, because the PSAMs contain multiple copies of a
self-assembly-like p-strand unit, a mutation in the underlying unit
drastically changes the overall chemical and structural properties
of the B-sheet. These results reinforce how dramatically a point
mutation in a small peptide unit can affect its capability to
self-assemble (39) and help rationalize the abundance of poly-
peptides that can be converted into amyloid fibrils by small
sequence perturbations. However, we emphasize that our find-
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ings do not imply that hydrophobic residues are generally suffi-
cient for fibril formation. In the case of true fibril-forming
peptides, the entropic loss incurred upon fibrillization is much
greater than in our system where the p-sheets of each PSAM fold
independently prior to lamination.

Scarcity of Hydrophobic Ladders in Natural Proteins. Though hydro-
phobic ladders with a repeating binary pattern (e.g. LF) are com-
monly found in cross-p assemblies formed from short peptides,
we have not identified this motif in natural water-soluble pro-
teins. Most p-sheets in natural, water-soluble proteins contain
four or fewer p-strands and often exhibit considerable levels of
distortion (45, 46), rendering them unsuitable scaffolds for long
cross-strand hydrophobic ladders. The closest analogs that we
found are rows of hydrophobic residues in the interface of f-helix
proteins (47, 48) and other p-sheet oligomers (49). However,
these ladders do not comprise an alternating pattern of two ami-
no acid types, but rather they are punctuated with polar amino
acids that likely enhance oligomerization specificity (50). Because
a long hydrophobic ladder can lead to strong interactions be-
tween f-sheet layers as demonstrated here, it is probable that
there is a strong selective pressure against proteins containing
rows of surface-exposed hydrophobic residues in nature.

The ability of amyloid fibrils to be formed by hundreds of se-
quence-unrelated peptides suggests that the energetic factors
underlying cross-p’s stability are heavily opportunistic or promis-
cuous in nature. This hypothesis is supported by the degenerate
pairing of hydrophobic residues in the cross-p PSAM dimer inter-
face and by our observation that the PSAMs can form asymmetric
interfaces from two distinct subunits between dimers (e.g. the het-
erodimer formed by YY/LF and FL/LF). The stable but nonspe-
cific interactions between dry, hydrophobic p-sheet interfaces
may lead to uncontrolled self-assembly of p-sheets containing
these motifs, further rationalizing why hydrophobic ladders are
so infrequently observed in natural proteins. In the case of func-
tional amyloids, tight regulation and cellular localization appears
to be key to sequestering the potentially nonspecific and self-
templating nature of the cross-p architecture (3, 51, 52).

Conclusions

This work has expanded the architectural repertoire of water-
soluble proteins and demonstrated that the cross-f architecture
is inherently stable and surprisingly easily designed. Because
water-soluble cross-f proteins can be studied using a variety of
quantitative biophysical and structural methods, they should pro-
vide an excellent model with which to probe the structural and
thermodynamic consequences of mutations associated with pro-
tein-misfolding diseases and to investigate interactions of fibrils
with small organic molecules (36). The design concept described
here may be further employed to produce a variety of cross-f pro-
teins and other precisely defined nanomaterials.

Materials and Methods

Protein Production. Mutagenesis, expression, purification, and urea denatura-
tion of PSAMs were performed as described previously (53). Except for ThT
binding measurements, all data were obtained using PSAM mutants con-
structed from the “sm1” PSAM scaffold, which contains mutations in the
N- and C-terminal globular domains of OspA that increase crystallization ef-
ficiency without perturbing global structure or the SLB region (54). An N-
terminal His-tag was cleaved prior to all measurements, unless otherwise
stated.

Size-Exclusion Chromatography and Ultracentrifugation. Proteins were ana-
lyzed using a Superdex 200 column (Amersham) in 10 mM phosphate buffer,
pH 6.0 with 150 mM NaCl. Sedimentation velocity measurements were per-
formed using a XL-A ultracentrifuge (Beckman Coulter). The protein concen-
trations were adjusted so that absorbance at 280 nanometers (nm) was 0.4.
Experiments were performed at 40,000 rpm and 20 °C. Data were analyzed
using the SEDFIT program (55).
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Stability Measurements. Urea-induced unfolding of the PSAMs was moni-
tored using elipticity at 235 nm and tryptophan (Trp) fluorescence emission
at 290 nm at 30 °C as previously established (53).

Dimer Exchange Kinetics Measurements. Two samples of the YY/LF PSAM
either with or without an N-terminal His-tag were prepared. They were com-
bined in an equimolar ratio, and after incubation at 25 °C, the samples were
analyzed using cation exchange chromatography (SP-Sepharose, Amersham)
in 20 mM sodium acetate buffer, pH 5.0 with a sodium chloride gradient.
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Structure Analysis. Crystallization and structure determination are described
in Table S1. Solvent accessible surface areas were determined using CNS (56)
and their chemical compositions were analyzed using home-made scripts.
The twist angles between p-hairpins were determined as described (29).
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