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Human CA150, a transcriptional activator, binds to and is co-
deposited with huntingtin during Huntington’s disease. The sec-
ond WW domain of CA150 is a three-stranded B-sheet that folds in
vitro in microseconds and forms amyloid fibers under physiological
conditions. We found from exhaustive alanine scanning studies
that fibrillation of this WW domain begins from its denatured
conformations, and we identified a subset of residues critical for
fibril formation. We used high-resolution magic-angle-spinning
NMR studies on site-specific isotopically labeled fibrils to identify
abundant long-range interactions between side chains. The distri-
bution of critical residues identified by the alanine scanning and
NMR spectroscopy, along with the electron microscopy data, re-
vealed the protofilament repeat unit: a 26-residue nonnative
B-hairpin. The structure we report has similarities to the hairpin
formed by the AP(;_40) protofilament, yet also contains closely
packed side-chains in a “steric zipper” arrangement found in the
cross-f3 spine formed from small peptides from the Sup35 prion
protein. Fibrillation of unrelated amyloidogenic sequences shows
the common feature of zippered repeat units that act as templates
for fiber elongation.

FBP28 | folding | misfolding | protein

myloid fibrils are formed in disease states and also in vitro

by many proteins and peptides (1). There are high-
resolution crystal structures for fibrillar forms of amyloidogenic
peptides derived from the Sup35 prion protein (2). These
peptides form self-assembling homotypic B-structure “zippers.”
Solid-state NMR and mutagenesis data have been used to
construct models of larger repeating units found in the AP;_40)
and AB( 1-42) protofilaments implicated in Alzheimer’s disease (3,
4). The repeat unit is a B-hairpin where side-chain-side-chain
interactions, rather than hydrogen bonds, define the interface
between strands.

Here, we have studied the amyloidogenic properties of the
second WW domain of human CA150 (CA150.WW?2; ref. 5),
which is identical in sequence to the murine FBP28 WW domain,
a small three-stranded antiparallel B-sheet protein (ref. 6; Fig.
1A4) that folds in us with apparent two-state kinetics (7, 8).
CA150.WW2 forms highly ordered amyloid fibers in vitro over a
period of minutes to hours under physiological conditions (37°C
and pH 7.0) (9), which makes them especially amenable to
structural and kinetic studies. CA150 is codeposited with hun-
tingtin in Huntington’s disease and has been proposed to be
involved in regulating the onset of neurodegeneration (5, 10-12).
We measured the effects of exhaustive alanine scanning on the
fibrillation kinetics of a 40-residue CA150.WW?2 construct (Fig.
1B) to determine the role of each side chain in fibrillation.
Further, we obtained an unprecedented level of structural
information by using a comprehensive isotope-labeling strategy
for the fibrillar samples that were characterized by using magic
angle spinning (MAS) NMR spectroscopy. We calculated a
structural model based on 25 long-range NMR distance con-
straints, consistent with the results from independent alanine
scanning and EM experiments.
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Fig.1. Cartoon of the structure of native CA150.WW2 [PDB ID code 1EOL (6)].
(A) Side chains that interact with each other in the fibrillar but notin the native
state are marked in identical colors. (B) Sequence of CA150.WW2. The se-
quence is numbered according to the solution structure with the register of
the native B-strands indicated by black arrows. The first three residues (gsm)
originate from the expression vector and are numbered -2, —1, and 0,
respectively. Flanking residues were also present in synthetic peptides used in
this study. The mutations examined in this study are shown in red.

Results

Alanine Scanning of Fibrillation Kinetics. Twenty-nine residues of
CA150.WW?2 were mutated to Ala (Fig. 1B) and A4 and Al4 to
Gly (8). W8A, N22A, and P33A did not express in sufficient
yield. Most mutants showed typical nucleation-like kinetics of
fibrillation, as monitored by light scattering at pH 7.0 and 37°C
(Fig. 24), with characteristic lag, growth, and stationary phases,
typically complete within hours. The time courses were analyzed
with a model-free approach (13) (see Materials and Methods)
(Table 1). Some mutants had a second slower kinetic phase that
did not appear to involve further incorporation of monomers.
V5A, Y11A, Y20A, R24A, L26A, T29A, and W30A did not
give detectable changes in light scattering, positive thioflavin T
assays, or any detectable fibers by EM after 5 days’ incubation
(Table 1 and data not shown). These variants varied widely in
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Fig. 2.  Fibrillation kinetics of CA150.WW?2 variants. (A) Representative light-
scattering transients for variants with fibrillation kinetics significantly different
from wild-type CA150.WW2. The data shown for R24A are representative of
mutants of abrogated fiber formation with no changes in light scattering ob-
served, even after 6,000 min. (B) Denatured state population correlates with
fibrillation rate. The apparent elongation time constant r (where 7= 1/k, and k
is the elongate rate) significantly correlated with the degree of native state
destabilization reported (8). The solid line shows the best linear fit weighted by
the standard errors determined from triplicate measurements.

stability, from wild-type-like (V5A, T29A) to fully unfolded
(Y20A) (8).

Many fiber-forming mutants (e.g., A4G, S6A, T9A, T18A,
Y19A, N23A, E27A, S28A, E35A, and L36A) had wild-type-like
time constants for fiber growth but varying lag times (Table 1).
The fibrillation kinetics of some mutants deviated more mark-
edly from wild-type behavior (Fig. 24). For example, T13A,
Al4G, DI5A, G16A, K17A, Y21A, and E27A had significantly
faster fiber growth rates or shorter lag-times than wild type
(Table 1). By contrast, T3A, E7A, K12A, and Q34A had slower
fibrillation than wild type, due to their longer lag times or slower
fiber growth. The time constant for fiber growth correlated
significantly with the destabilization of the native state (Fig. 2B),
consistent with a link between fibrillation rate and the concen-
tration of unfolded protein, but not the rate constant for
unfolding. The lag time, however, had little correlation with the
change in native stability (data not shown).

Solution Backbone Dynamics. The backbone dynamics of wild-type
protein was measured at 285 K by using °N relaxation NMR
experiments (14), under low aggregation conditions. The back-
bone of the first six residues (GATAVS) was significantly more
mobile (lower S? values) than the backbone of the core residues,
as expected for a linker region (Fig. 6, which is published as
supporting information on the PNAS web site). The higher
mobility of the N-terminal residues correlates with an absence of
long-range interactions, consistent with the disorder of this
region evident in the solution structure [PDB ID code 1EOL (6)].

Peptide Fragment Studies. We tested synthetic peptides correspond-
ing to CA150.WW?2 fragments for fiber formation. WT[1-§],
corresponding to the N-terminal region, was soluble at millimolar
concentrations and did not form fibers detectable by light scattering
(Fig. 3A), thioflavin T assays, or EM analysis (data not shown). In
contrast, the longer peptides that contained residues from the N
terminus and B-strand 1 of native protein (WT[1-13], D15N[1-24],
D15N[1-30]) did form amyloid-like fibers, implying that residues in
the N terminus and first B-strand are necessary and sufficient to
form B-sheet aggregates under these conditions. Consistent with
this hypothesis, the peptide D15N[12-37], lacking the first 11
residues of CA150.WW2, did not form fibers.

The aggregates formed by the shortened fragments (Fig. 3B)
had, on examination by EM, a well defined ultrastructure that
consisted of clusters of homogenous crystalline blocks. The gross
morphology and fibrillar properties of the short peptide frag-
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Table 1. Alanine scanning of CA150.WW?2 fibrillation kinetics at
37°C and pH 7.0

Construct 7, min T1/2, Min Tlags MIN AAGp.N, kcal/mol
WT 38 +2 300 = 10 225 =10

T3A 67 + 2 620 = 30 490 = 30 0.09 + 0.18
A4G 47 =10 330 £ 60 260 = 60 0.16 = 0.09
V5A Fiber KO Fiber KO Fiber KO 0.10 = 0.17
S6A 37 £1 320 + 40 260 + 40 0.22 +0.12
E7A 43 = 15 1600 += 200 1500 += 200 0.52 £ 0.16
WS8A ND ND ND ND

T9A 40 = 10 340 = 40 260 + 40 0.93 + 0.09
E10A 26 £ 4 170 = 15 120 £ 15 0.50 = 0.10
Y11A Fiber KO Fiber KO Fiber KO 0.63 = 0.11
K12A 955 270 + 40 80 + 40 ND
T13A 19 =1 120 = 10 80 = 10 0.81 £ 0.17
A14G 8+1 40 £ 5 25+5 0.50 = 0.22
D15A 17 =3 70 £ 2 35+7 0.42 + 0.09
G16A 19 =1 140 = 10 100 = 10 1.33 = 0.27
K17A 30+ 3 40 £ 5 -20+8 0.35 + 0.08
T18A 44 + 1 310 + 40 220 + 40 0.54 + 0.17
Y19A 36 £ 1 255+ 5 185 £ 5 0.67 £ 0.13
Y20A Fiber KO Fiber KO Fiber KO ND
Y21A 10+ 2 302 10+ 4 1.7 £ 0.10
N22A ND ND ND ND
N23A 31+3 260 = 8 200 = 10 0.07 = 0.06
R24A Fiber KO Fiber KO Fiber KO 0.78 + 0.17
L26A Fiber KO Fiber KO Fiber KO 0.56 =+ 0.12
E27A 33+3 180 = 10 115 =10 1.02 £ 0.13
S28A 381 230 + 15 155 + 15 —0.01 = 0.21
T29A Fiber KO Fiber KO Fiber KO 0.33 £ 0.11
W30A Fiber KO Fiber KO Fiber KO 0.76 = 0.14
P33A ND ND ND ND
Q34A 52 +2 630 + 40 525 = 40 ND
E35A 33+2 190 = 20 125 = 20 0.27 £ 0.10
L36A 38 =12 240 + 80 165 = 80 0.91 £ 0.14

Errors were determined from triplicate measurements and are repor ted at
the 95% confidence level (2 standard error). Fiber KO, no fibers were
observed within the time scale of our measurements (typically = 5,000 min).
ND, not determined, because these mutants either did not express in sufficient
quantities or were too insoluble for subsequent characterisation. 7, t1/,, and
tlag were determined from light-scattering kinetics as described in Materials
and Methods. AAGp.y values are those previously reported for FBP28 (8),
which is identical in sequence to CA150.WW?2.

ments of CA150. WW2 were quite similar to those formed in vitro
by fragments of other proteins (2, 15, 16, 17-19) and amino acid
homopolymers (20). In contrast, the fibrillar deposits formed by
full-length CA150.WW2 were significantly larger than those
formed by the shorter peptide fragments, had more complex
ultrastructures, and the individual protofilaments (30 A width
with a cross-B spacing of 4.73 A) were clearly visible [Fig. 3 C and
D and previously reported data (9)].

Solid-State NMR and Structure Calculations. Five different isotopi-
cally labeled samples of the Y19F mutant of CA150.WW2 were
prepared for solid-state NMR spectroscopy by using the scheme
of Castellani ef al. (21): uniformly labeled with 3CN (u-
CA150.WW2); uniformly “N-labeled with '*C labeling using
either 2-13C-labeled glycerol or 1,3-3C-labeled glycerol (2-
CA150.WW2 and 1,3-CA150.WW?2, respectively); and uniformly
labeled with 2H,'3C, 5N, except for the labile deuterons that were
exchanged with 'H (d-CA150.WW2). The Y19F mutant was
used, because it reproducibly formed highly homogeneous fibers
(Fig. 3C), with very similar cross-B spacing to wild-type
CA150.WW?2 amyloid fibers.

MAS NMR spectra of CA150.WW2 Y19F showed signals of
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Fig. 3. Properties of CA150.WW?2 aggregates formed under physiological
conditions. (A) Light-scattering kinetics for CA150.WW2 peptide fragments.
Peptides WT[1-8] and D15N[12-37] gave no appreciable scattering at 37°C,
even after 1,600 min. In contrast, WT[1-13], D15N[1-24], and D15N[1-30] all
had strong changes in light scattering, consistent with aggregation. The
aggregates tested positive for amyloid fibers in thioflavin T assays (data not
shown) and by EM. There was no lag phase in the aggregation kinetics for
D15N[1-30], which had very low solubility. Residue 15 was changed from Asp
to Asn in D15N[1-24], D15N[1-30], and D15N[12-37], because it was excep-
tionally difficult to synthesize these peptides with the wild-type residue. This
mutation did not affect the amyloid-forming tendencies of full-length FBP28
peptides (unpublished data). (B) Negatively stained electron micrograph of
the microcrystals formed by WT[1-13] peptide fragments. (C) Low-dose uranyl
acetate electron micrograph of a tubular association of amyloid fibrils formed
by the Y19F mutant of CA150.WW?2. The frayed end of one of these tubes,
comprised of ~100 protofilaments, is evident in the lower right-hand corner
of the image, as are the upper and lower face of a tube. (D) Optical diffraction
pattern of a Y 19F amyloid tube oriented as shown in C. The width of individual
protofilaments was determined from this to be 30 A, with a cross-g spacing of
4.73 A. (Scale bars, 100 nm.)

intermediate line width for residues MO-E35. In most spectra,
the signals of the first and last two residues of our construct (G-2,
S-1, L36, and K37) were absent. Two sets of signals with similar
intensity were observed for S28 and at least two of the tyrosines,
suggesting that these residues have multiple conformations. The
C,, Cg, and most side-chain carbon resonances of residues G1,
A2,T3,A4,V5,S6,T9,E10,K12, T13, A14, D15, G16, K17, T18,
F19, R24, T25, 126, S28, T29, K32, P33, and Q34 were unam-
biguously assigned. However, we could not unambiguously as-
sign the signals for W8, W30, N22, N23, E7, E27, E31, and E35
because of spectral overlap.

The cross-peaks linking residues V5 and L26 were the pre-
dominant features in the spectra of 2-CA150.WW?2 (Fig. 4 A-C).
The correlations V5,-1.26,, V55-L26g, and V54-1.26, appeared
at a proton-driven spin-diffusion (PDSD) mixing time of 200 ms.
A correlation between V5, and L26g was not observed at a
mixing time of 200 ms but became evident at a mixing time of
400 ms. This demonstrates that V5, is further from L264 than
L26,, which suggests that these side chains are arranged in a
parallel head-to-tail fashion. The correlations V5,,,,-R24, ob-
served in the spectra of 1,3-CA150.WW2 supported further that
the side chain of V5 was situated between the side chains of .26
and R24 in a zipper-like arrangement. Similar interactions were
observed between T3 and S28. A complete set of cross-peaks,
involving all aliphatic carbon signals, defined the interaction of
T13 and T18. These data suggested the presence of a B-hairpin
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Fig.4. Solid-state NMR spectra of CA150.WW2 Y 19F amyloid fibers recorded
at 900 MHz, 10.5 kHz MAS, and 284 K. Side-chain correlations within the same
amino acid are annotated in black, and cross-peaks due to interactions be-
tween side chains of different amino acids are labeled in blue. (A)
2-CA150.WW?2, PDSD, 20 ms mixing. (B) 2-CA150.WWW2, PDSD, 200 ms mixing.
(C) 2-CA150.WW?2, PDSD, 400 ms mixing. (D) 1,3-CA150.WW?2, PDSD, 200 ms
mixing. The appearance of extra cross-peaks in A-C with longer mixing times
identifies the interactions between atoms, which are more distant than those
observed using shorter mixing times.

defined by interdigitating side chains, separated by a turn
involving A14, D15, G16, and K17. This agrees well with TALOS
predictions of the ¢ and ¢ angles using chemical-shift values (22),
consistent with two regions of B-structure (residues T3-T13 and
T18-S28) connected by a loop between Al4 and K17. Residues
A14-G16 also formed a flexible dynamic loop in native protein
(Fig. 6). However, the interactions between V5-R24, V5-L26,
T3-S28, and T13-T18 found in the fibrillar form cannot exist in
the native structure of CA150.WW?2 (Fig. 1).

We extracted 25 long-range distance constraints from the MAS
NMR spectra and calculated a structure of six repeat units of the
protofilament (of which the inner four are shown in Fig. 54), by
using hydrogen-bond constraints in the manner of Riek and co-
workers (3). Simulated annealing gave a B-hairpin structure with
tight side-chain packing stapling the ends together (Fig. 5 B and C).
These residues form a heterotypic steric zipper (2). The hairpin
becomes somewhat expanded between residues T9-K12 and Y20-
N22, because the Y11 and Y20 side chains are longer than the
others in the zipper. In this region, the different structure calcula-
tions show variations in the hydrogen bonding and cross-hairpin
interactions. Calculations including two ambiguous constraints
assigned to an interaction between T9 and Y20 did not change the
overall structure in this region, especially the packing density. The
smaller spacing of the backbone is reestablished before the turn
region due to the tight packing of residues T13 and T18, as found
in B-arch structures (23). In summary, the protofilament structure
of CA150.WW2 is a B-hairpin with variable separation of the
opposing backbone fragments, including both tight (hydrophobic)
and loose (hydrophilic) zipper-like subsections. Residues 13-16
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Fig.5. Structural model of the CA150.WW2 protofilament. (A) View of the long
axis of the protofilament. The strands of the parallel B-sheet in the background
(gray) were formed by residues 20-28, with residues 3-11 forming the B-sheet in
the foreground (violet). Residues N-terminal to A2 and C-terminal to T29 are not
shown, because they had no detectable regular structure. Each hairpin is linked
to others by backbone hydrogen bonds used as constraints (dashed lines) and
buried side-chain interactions (not shown). (B) Cartoon representation of the
nonnative p-hairpin. The long-range interactions detected by MAS NMR and
used for the structure calculations are shown by black arrows and define the
interface between the B-strands. Dotted arrows indicate ambiguous distance
constraints that could be fitted into the structure after the calculation. Residues
that eliminated or significantly decelerated fibrillation when mutated to Ala are
marked in red and orange, respectively (Table 1). We could not determine the
effects of mutating W8 and N22 (light gray), because the corresponding Ala
variants could not be expressed in sufficient quantities for characterization. (C)
One repeat unit, viewed down the fiber axis, with colors encoding atom type. It
is a hairpin formed by two B-strands of nonnative register linked by a flexible loop
region between residues T13 and T18. The interface between strands is well
packed and includes a salt bridge between E7 and R24. This interaction was not
an intrinsic restraint in the model but a consequence of the periodicity dictated
by the V5-R24, V5-L26, T13-T18, and T3-528 interactions identified using solid-
state MAS NMR. The width of the ordered region of the hairpin (T3-T13 = 31 A)
is consistent with the dimensions determined using EM (Fig. 3). Blue dotted lines
represent the long-range interactions identified by MAS NMR, which were used
as restraints in structure calculations; hydrogen bonds are indicated by dashed
red lines.

form a disordered loop in both the native and fibrillar form, and the
structural promiscuity of this region allows native and nonnative
B-hairpins to be formed by competing reactions.

Discussion

Folding vs. Fibrillation. Kinetic, mutagenic, and structural data
conspired to show that the unfolded state of CA150.WW?2 either

Ferguson et al.

folds productively or forms fibrils with a completely different set of
internal interactions. There was a strong correlation between the
fibrillation rate and increased occupancy of the unfolded state (Fig.
2B). Wild-type CA150.WW?2 is only marginally stable, even under
native conditions, and an appreciable population of unfolded
protein always exists [AGp.n of wild-type CAIS0.WW?2 is ~2.4
keal/mol at 283 K (7, 8), so that ~1.5% is unfolded]. There is always
a pool of rapidly formed and relatively unstructured molecules that
can form fibrils. This situation is similar to that for disease-causing
amyloidogenic proteins, such as AP peptides, amylin, a-synuclein,
and prion proteins, where fibrillation initiates from unstructured or
natively unfolded conformations (reviewed in ref. 24).

The rate-limiting step in the productive folding of CA150.WW2
involves formation of a hairpin between B-strands 1 and 2 (residues
9-13 and 17-23, respectively) (8, 25), a mechanism found in other
WW domain homologues (26). Further, the N-terminal residues
(G1-S6) are dynamic in the native state (Fig. 6), make little or no
long-range interactions (6), and contribute little to the folding and
stability (8). By contrast, mutation of T3, V5, and E7, located at the
N-terminal region, inhibited fibrillation. Solid-state NMR measure-
ments also revealed long-range contacts from V5 to R24 and 126
and between T3 and S28, as well as between T13 and T18 (Fig. 4).
None of these interactions are present, or indeed possible, in the
correctly folded native structure. Partitioning of residues important
to protein folding and aggregation also happens in human acylphos-
phatase (18).

Molecular Model of the CA150.WW2 Protofilament Structure. Seven
alanine mutations eliminated (V5A, Y11A, Y20A, R24A, L26A,
T29A, and W30A) and three significantly decelerated (T3A,
E7A, and K12A) fiber growth during our experiments (Fig. 1 and
Table 1). These key residues were located between residues 3-11
and 20-30, regions that are connected by a relatively unstruc-
tured dynamic loop in the native protein (Fig. 6). The interac-
tions between T13 and T18, identified by MAS NMR, define a
tight nonnative turn in the protofilament, consistent with a
B-hairpin conformation, as proposed for AP protofilaments (3,
4). A network of long-range nonnative interactions was present
in the CA150.WW?2 fibers, between V5-R24, V5-L.26, and T3-
528, and this was identified by MAS NMR measurements. These
side chains appear to interdigitate tightly into a steric zipper, as
found for short peptide fragments of the Sup35 prion protein (2).

Twenty-five long-range distance constraints were used to
generate a structural model of the CA150.WW?2 protofilament.
The protofilament contains vertically stacked intramolecular,
nonnative B-hairpins (Fig. 54) hydrogen-bonded together in
parallel. The dimensions of the protofilament structure and
cross-B spacing matched those independently determined by
EM. Intriguingly, most of the residues that inhibited fibrillation
when mutated to alanine mapped to those in the buried core of
the B-hairpin (Fig. 5 B and C), providing a structural rationale
for the observed mutational effects. Our model contained the
stacked aromatic side chains and asparagine ladders proposed to
be a general property of amyloid fibers (27), although these were
not used as constraint features in the model building.

Our model has a buried electrostatic interaction between R24
and E7 (Fig. 5C), similar to the buried electrostatic interactions
proposed for the AP protofilament (4). As expected, mutation of E7
or R24 seriously perturbed fiber formation (Table 1 and Fig. 2),
because a stabilizing interaction would be lost and an unsatisfied
charge introduced into the core of the hairpin. Interestingly,
mutation of residues that form the flexible turn region in native
CA150.WW?2 (Fig. 6) significantly increased the pool of unfolded
molecules and so accelerated fibrillation. Further experiments are
required to understand the roles of T29 and W30 in fibrillation.

Recurrent Structural Motifs in Protofilaments. The crystal structure
of the cross-B spine formed by heptapeptides from Sup35, a yeast
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prion protein, contains intermolecular B-sheets stabilized by a
“steric zipper” formed by the interdigitations of side chains from
peptides rotated by a two-fold screw axis (2). Each strand of the
zipper is perpendicular to the fiber axis and hydrogen-bonded to
those above and below, giving rise to parallel B-sheets with the
hydrogen-bonding pattern characteristic of amyloid fibers. The
zipper is said to be homotypic where a given region of sequence
binds to the same region in another molecule.

Tycko and coworkers (4) used restraints from MAS NMR,
fiber diffraction, and EM experiments to generate a structural
model of the protofilament formed by the human AB(1_40)
peptide that contains multiple copies of an intramolecular
B-hairpin repeat unit (4). Each B-hairpin has interdigitating
hydrophobic side chains from residues 12-24 and 30-40 (i.e., a
heterotypic interface), with one buried salt bridge between D23
and K28. As with the cross-f spine of Sup35, each B-strand of the
AP hairpin forms a continuous parallel B-sheet. Riek and
coworkers (3) refined the B-hairpin model for the AP;_4)
protofilament using additional (non-NMR) experimental con-
straints (3). Their protofilament model contains an intermolec-
ular B-hairpin repeat unit that has somewhat different side-chain
packing from the earlier model (4).

The structural model of the CA150.WW?2 protofilament has
similarities to those reported for aggregates of the AP(_49) (4) and
AP(1_42) peptides (3). All of the models contain many copies of
extended B-hairpins arranged into vertically stacked hydrogen-
bonded arrays, and there is evidence of buried electrostatic inter-
actions in the “core.” Interestingly, the interactions found in the
fibrillar B-hairpins formed by CA150.WW2 and AP peptides closely
resemble those found in the B-arches of B-solenoid proteins
(23). Amyloid fibers, therefore, appear to be further examples of
structural interactions already exploited during the evolution of
proteins (28).

We found unequivocal evidence for a steric zipper (2) that is
heterotypic and staples together the ends of the nonnative
B-hairpin by long-range interactions (Fig. 5C). Short fragments
of CA150.WW2 (i.e., WT[1-13]), like those of Sup35 (2), also
form exceptionally well ordered aggregates, but the repeating
unit must be different from that of the full-length domain,
because they cannot form the same sequence-distant interac-
tions. Indeed, the fibrils formed from the WW short peptides
have a radically different morphology. It seems likely that
protofilaments may be stabilized by local and long-range inter-
actions depending on sequence composition, length, and envi-
ronmental conditions, but that heterotypic or homotypic zippers
will be a recurring feature of these aggregates.

Materials and Methods

Reagents. All reagents were AnalR grade, except thioflavin T (65%
dye content), and were purchased from Sigma (St. Louis, MO).
Isotopically labeled proteins were expressed in modified K-Mops
minimal medium (29), with 0.1% (wt/vol) ['"'N] ammonium chlo-
ride and 0.4% (wt/vol) appropriately labeled carbon sources (CIL,
Andover, MA). Peptides were synthesized by using standard flu-
orenylmethoxycarbonyl chemistry. Protein purity (=95%) and
mass were verified by analytical gel filtration, reverse-phase chro-
matography, and mass spectrometry. Protein concentrations were
determined from molar extinction coefficients (30).

Measurements of Fibrillation Kinetics. Changes in turbidity were
measured with a Varian Cary 500 Scan Spectrometer (Varian,
Cary, NC) (9). Lyophilized proteins were diluted in ice-cold 10
mM sodium phosphate, pH 7.0, with sodium azide 0.02% (v/v)
to inhibit bacterial growth and stored on ice between manip-
ulations. Before use, each sample was fully dissolved by using
two 10-s pulses in a sonicating water bath and filtered through
a 0.22-um disposable filter. Experiments were performed by
using disposable plastic cuvettes to minimize cross-seeding.
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Peptides were added to cuvettes preequilibrated to 37°C to give
a final concentration of 100 uM. Changes in light scattering at
350 and 800 nm were recorded every 90 sec for at least 5,000
min. Protein solutions were then were used in thioflavin T
assays, as described (9). Light-scattering kinetics were fitted to
give an apparent half-time (#12) and elongation time constant
(7) for fibrillation (13). The lag time (1.,) Was calculated from
tlag =tip — 27

Electron Microscopy. Negatively stained samples were made from
the stock protein solutions at 0.1-mM concentration. A 4-ul drop
was applied to the surface of carbon-coated grids and after 2 min,
the grid surface was flushed with successive drops of 2% (wt/vol)
aqueous uranyl acetate solution, blotted, and allowed to dry. Images
of frozen samples (9) were acquired on Kodak SO163 and Teitz
F415 (TVIPS, Gauting, Germany) 4k X 4k CCD cameras on an FEI
(Eindhoven, The Netherlands) G2 F20 field emission gun electron
microscope at 200 keV. A 626 liquid nitrogen cold stage (Gatan,
Pleasanton, CA) held the cryosamples in the microscope at
—180°C. All micrographs were recorded under low-dose conditions
at a microscope magnification of x50,000.

Solution NMR. Backbone relaxation data were acquired for wild-
type CA150.WW?2 at 285 K in 20 mM potassium phosphate, pH
6.5/30 mM NaCl. The N/"H/HSQC spectrum was assigned from
published data (Biomagresbank entry 4714°) and a “N/'H 'H
TOCSY spectrum. °N R1, R2, and heteronuclear NOE relaxation
data were acquired on a Bruker (Billerica, MA) DRX 500 by using
standard pulse sequences (14). Model-free analysis (31) was per-
formed in the program Tensor2 (32). The errors on relaxation rates
and I/10 (heteronuclear NOE) were conservatively estimated to be
=5% of the average values determined for the structured region of
the protein. The isotropic rotational correlation time was estimated
as 4.1 ns using R2/R1 values from residues with I/10 > 0.55 and
R2/R1 within 1.5 standard deviations of the mean for the struc-
tured part of the molecule. The data were mostly fitted to the
simplest models of internal motion [model 1 or 2 (32)]; the S? values
reflect trends clearly visible in the raw R1 and I/10 data.

Solid-State NMR. Samples contained ~15 mg of amyloid fibers
formed by the Y19F mutant of CA150.WW2 that reproducibly
formed homogeneous amyloid fibers with better spectral dispersion
than the wild type. Solid-state MAS triple-resonance NMR spectra
were acquired at 284 K with a spinning frequency of 10.5 kHz. A
proton radiofrequency field of 80 kHz with the two-pulse phase
modulation scheme (33) was used for decoupling in the direct and
indirect dimensions. 3C-13C correlations were recorded at several
mixing times by using PDSD (34), dipolar-assisted rotational res-
onance (35), and radiofrequency-driven recoupling (36) for mixing.
For 13C-I5N spectra, band-selective magnetization transfer from
5N to 13C was performed by using SPECIFIC-CP (37) or adiabatic-
passage Hartmann—Hahn cross-polarization (38).

Model Building. A model of a fibril was built comprising six
monomeric units. Hydrogen bonds were introduced between the
units to connect the B-strands A2-E12 in a parallel fashion, as well
as the strands F19-S28. We used a repeat distance of 4.7 A between
units. The initial model was consistent with results from alanine
scanning of fibrillation kinetics and MAS NMR data. Three
different distance constraints classes were defined before the
calculations (2.5-5.0, 2.5-6.5, and 2.5-7.5 A), which were assigned
to each class depending upon the mixing time at which a cross-peak
first appeared. The H-bonds between the B-strands, 27 long-range,
and 10 sequential MAS NMR constraints were used in a simulated
annealing run (30 cycles of heating for 2,000 fs up to 1,000 K,
cooling in 10,000 fs down to 0 K) applying a full force-field AMBER
7.0. The lowest-energy conformation was embedded in water and
subjected to a short molecular dynamics simulation for 1 ns to allow
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relaxation of the structure. The rms deviation of the backbone
atoms for the A2-S28 region of the inner four monomers from the
five lowest-energy structures was 1.23 A. No distance constraint was
violated.
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