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generalizing the findings beyond the theoretical
context of (6), which focused on the benefits of
social interaction. Indeed, predictions from SCM
were confirmed for a within-individual design:
When participants responded to 2AFC items on
several occasions, they were more confident when
they made their more frequent decision than when
they made their less frequent decision (7—9). The
tasks used in study 3 were presented twice with a
1-week interval. The hypothesis tested is that a
compilation of the high-confidence choices across
the two presentations should yield the same pat-
tern of results as that observed for a between-
person compilation.

The extension of the wisdom-of-crowds idea
to a within-person context (26-28) indicated that
when participants estimated a quantity on two
occasions, their average estimate was closer to
the truth than their individual estimates. There-
fore, in Study 5 D-HC performance was com-
pared with average performance (4P) across the
two sessions. The items were classified as CC or
CW by using the same classification as in (&) and
in study 3. Between-session differences in confi-
dence were first nullified by setting the mean and
SD of confidence judgments in session 2 as
those of session 1 for each task and participant.
For each item, the response associated with higher
confidence across the two sessions was slated to
D-HC and the other to D-LC. Mean percent cor-
rect for D-HC, D-LC, and AP is presented in
Table 2 for the CC and CW items in each task.

A three-way ANOVA, task (Shapes versus
Lines) x measure (D-HC versus AP) x item type
(CC versus CW) yielded F 49 = 5.03, MSE =
24.83, P < 0.05 for the measure X item type in-
teraction. For the CC items, D-HC accuracy
(82.54%) was higher than AP accuracy (81.24%)
[#(49) = 2.67, P < 0.05]. For the CW items, D-HC
accuracy (24.06%) tended to be somewhat lower
than AP accuracy (25.00%) [#(49) = 1.05, P <
0.31]. In addition, across the CC items, confi-
dence was higher when the correct choice was
made than when the wrong choice was made,
whereas the opposite was true for the CW items.

A comparison of D-HC with D-LC suggests
that the benefit from the MCS algorithm in the
case of CC items was more limited for the within-
person confidence-based slating (study 5; 2.68
percentage points) than for the cross-person slat-
ing (study 3; 6.62 percentage points). The reason
derives from the greater independence between
decisions of two members of a dyad (study 3; a
correlation of 0.02) than between the two de-
cisions of the same person (study 5; a correlation
of 0.63) (28).

The present work delivers three messages.
First, under many conditions in which partici-
pants’ decisions are correct by and large, a 2HBT1
effect should be observed. The results of the
present study are consistent with Bahrami ef al.’s
(6) proposition that the benefit from dyadic in-
teraction derives from individuals communicat-
ing their level of confidence accurately to each
other. Here, however, a 2HBT1 effect was ob-
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served (studies 1 and 2) in the absence of social
interaction. The selection of responses on the
basis of confidence improved accuracy beyond
the improvement achieved by the aggregation of
responses across individuals (15).

Second, however, in situations in which most
participants tend to make the wrong decisions,
the MCS algorithm, as well as social interaction,
is expected to yield group decisions that are even
less accurate than those of each individual alone.
In such cases, it is the low-confidence individuals
who are more likely to be correct, and reliance on
the more confident members should lead the
group astray.

Last, the within-individual results (study 5)
highlight a general perspective for the analysis
of decision accuracy that goes beyond the ef-
fects of social interaction (6). This perspective,
as captured by SCM, involves the variations in
confidence that occur both within individuals
and between individuals when choice and con-
fidence are based on the sampling of clues from
a common database (7, 27).
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Structure of an Intermediate State
in Protein Folding and Aggregation

Philipp Neudecker,*3** Paul Robustelli,® Andrea Cavalli,® Patrick Walsh,”” Patrik Lundstrom, %3
Arash Zarrine-Afsar,™ Simon Sharpe,™ Michele Vendruscolo,® Lewis E. Kay>>37*

Protein-folding intermediates have been implicated in amyloid fibril formation involved in
neurodegenerative disorders. However, the structural mechanisms by which intermediates initiate
fibrillar aggregation have remained largely elusive. To gain insight, we used relaxation dispersion
nuclear magnetic resonance spectroscopy to determine the structure of a low-populated, on-pathway
folding intermediate of the A39V/N53PA/S5L (A, Ala; V, Val; N, Asn; P, Pro; L, Leu) Fyn SH3
domain. The carboxyl terminus remains disordered in this intermediate, thereby exposing the
aggregation-prone amino-terminal B strand. Accordingly, mutants lacking the carboxyl terminus
and thus mimicking the intermediate fail to safeguard the folding route and spontaneously
form fibrillar aggregates. The structure provides a detailed characterization of the non-native
interactions stabilizing an aggregation-prone intermediate under native conditions and insight
into how such an intermediate can derail folding and initiate fibrillation.

nsoluble P sheet-rich fibrillar aggregates,
called amyloid fibrils, form conspicuous de-
posits in tissue associated with a wide range

of human pathologies, including Alzheimer’s and
Parkinson’s diseases and type 2 diabetes (/).
Fibril formation has been reported for many
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proteins, and aggregates are often highly cytotox-
ic, even for proteins not linked directly to a clin-
ical condition, as in the case of SH3 domains (35).

Although experimentally determined atomic-
resolution models have started to appear for
amyloid fibrils (6), the detailed structural mech-
anisms of aggregation, generally believed to fol-
low nucleation-and-growth schemes (3), are still
largely unclear. Initial observations that amyloid
formation often occurs for disordered or destabi-
lized polypeptide chains suggested that aggregation
requires extensive unfolding (7). However, fibril
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Fig. 1. Structure of the low-populated interme-
diate. (A) Backbone overlay of the 10 lowest-energy
structures of the intermediate of A39V/N53PA/55L
Fyn SH3 from Ser* to Ala®¢. (B) Backbone overlay in
schematic representation of the lowest-energy solu-
tion structure of the native state (orange) (fig. S2
and table S1) with the lowest-energy solution struc-
ture of the intermediate state (green). Residues Pro>’
to Asp®, which are completely flexible as estab-
lished by random-coil chemical shifts (fig. S5B), have
been added in an extended conformation for il-
lustrative purposes only and are highlighted in
light blue. (€) Same overlay as in (B) illustrating
the differences in hydrogen bonding (dashed lines)
between strands Bs, B, and B,. (D) Overlay as in
(B) and (C) illustrating how the side chain of Phe*
(F4) (space-filling representation) stacks with Pro>’
(P57) (ball-and-stick representation) in the native
state but fills the gap left by the missing strand Bs
in the intermediate. The amide proton of Glu® (E5)
is shown in magenta.

formation is also observed for globular proteins
under native conditions, and theoretical consider-
ations as well as experimental evidence indicate
that aggregation proceeds via native-like inter-
mediates that are formed after the major folding
barrier in many of these systems (4). Reports
that pre- and protofibrillar oligomers are often
as or even more cytotoxic than the fibrils them-
selves (3, 5, 8-10) have increasingly shifted focus
toward early stages of aggregation and fibril for-
mation. Recently, an intermediate with a non-
native trans-proline conformation was identified
as the direct precursor of B-2-microglobulin fibril
elongation under native conditions (/7). The struc-
ture of this intermediate, although not known
in detail, is close to the native state (/7). A mu-
tant enforcing the trans conformation crystallized
directly as a crystallographic dimer, suggesting
a straightforward model for monomer arrange-
ment within a fibril (72).

Because the experimental detection and char-
acterization of low-populated, transiently formed
intermediates in protein folding and aggrega-
tion is challenging (13, /4), their atomic-resolution

n-Src loop
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structures, aggregation propensities, and roles in
aggregation are not understood in detail. With
the development of Carr-Purcell-Meiboom-Gill
(CPMG) relaxation dispersion nuclear magnetic
resonance (RD NMR) spectroscopy (fig. S1) (Z5),
however, protein-folding exchange reactions on
the millisecond time scale can be studied at atomic
resolution and under native equilibrium condi-
tions (/6). In addition to quantifying the kinetics
and thermodynamics of the exchange process,
backbone chemical shifts and bond vector ori-
entations of low-populated (excited) states can be
obtained, which are key to the atomic-resolution
structure determination of these transient con-
formers (17, 18).

In previous "N CPMG RD NMR studies
(16, 19), we demonstrated that the A39V/N53P/
VSS5L (A, Ala; V, Val; N, Asn; B, Pro; L, Leu) Fyn
SH3 domain folds from the unfolded state (U)
via an on-pathway, low-populated (=2%) inter-
mediate (I) to a native B-sandwich fold (N). The
stability and folding kinetics of this mutant are
well within the window of the CPMG method
(fig. S1). In the structure of the A39V/N53P/

RT-Src loop
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V55L Fyn SH3 domain native state, determined
from NMR data starting from the crystal struc-
ture of the N53I/V55L Fyn SH3 domain (20)
(fig. S2 and table S1), the terminal (strands f; and
Bs) and central (strands B,, B3, and B,) B sheets
are connected at one edge by hydrogen bonds
between B; and B, to form a five-stranded in-
complete antiparallel B barrel (Fig. 1). The I
state is a compact near-native intermediate formed
after the major folding barrier (/9), with the
central three-stranded P sheet already intact in
the rate-limiting transition state between U and
1 (19, 21, 22). Interestingly, the '°N chemical
shifts of the intermediate revealed pronounced
non-native interactions (fig. S3) (19, 22). Con-
trary to the notion that such interactions cause
kinetic traps that evolution has largely selected
against, there is increasing evidence that they
play an important role in the folding and mis-
folding of many proteins (4, /4, 20, 23), includ-
ing the Fyn SH3 domain (20). To gain further
insight into how non-native interactions influence
both folding and misfolding, we used CPMG RD
NMR spectroscopy under solution conditions
that favor the native state to determine the three-
dimensional structure of the transient interme-
diate of the A39V/N53P/V55L Fyn SH3 domain
(see supplementary materials and methods).

To this end, we recorded and analyzed a vari-
ety of CPMG RD experiments (fig. S4) on sev-

Fig. 2. Aggregation propensities of the native and
intermediate states of A39V/N53P/V55L Fyn SH3.
Sequence-based aggregation propensity score, Z,gq
(25), color-coded onto the lowest-energy solution
structure of (A) the native state and (C) the inter-
mediate. Z,qq is normalized with respect to random
sequences; Z,q > 1 (orange to red) indicates sig-
nificant propensity to aggregate. (B) Surface
aggregation propensity score, S,qq (32), for the
lowest-energy solution structure of the native state
and (D) the intermediate.

eral suitably isotope-labeled A39V/NS3P/V55L
Fyn SH3 samples at 20°C. **N, 'HN, *CO, “Cq,
and "Ho backbone chemical shifts of the inter-
mediate (fig. S3B), N-'"HN backbone amide
residual dipolar couplings, and *CO residual
chemical shift anisotropies were obtained from
fits of the resulting RD profiles from sites show-
ing chemical exchange (fig. S4). The extracted
chemical shifts corroborate our earlier observa-
tions (/9, 22) that much of the native backbone
fold is already formed in I, except for the N- and
C-terminal regions (fig. S5A), but provide sub-
stantially more data on which to base a struc-
tural analysis so that the conformational changes
to the N and C termini can be elucidated. Most
notably, the C terminus from Pro®’ to Asp®® is
disordered in I (fig. S5B), which implies that
strand Bs is not formed. We used the CamShift
chemical shift restrained molecular dynamics
structure calculation protocol (figs. S6 to S8)
(24), which makes use of RD-derived back-
bone chemical shifts, "°N-"HN residual dipolar
couplings, and "*CO residual chemical shift an-
isotropies, to obtain more quantitative structural
information about the well-ordered part of the
domain.

Superposition of the 10 resulting lowest-
energy structures of the folding intermediate (Fig.
1A) reveals that the topology of strands B, to
B4 followed by the helical turn is native-like

A

RT-Src loop

distal loop

(Fig. 1B; see table S2 for structural statistics), in
agreement with backbone amide H/D exchange
experiments (fig. S9). The tertiary interactions
missing in the absence of strand Bs are partially
compensated for by non-native contacts within
this residual native-like backbone topology. In
particular, strand , compensates for the loss of
hydrogen bonding to s by associating more
tightly with strand B, through the formation of a
non-native hydrogen bond between Ile*® HN
and Thr CO (Fig. 1C), with a much shorter
HN-O distance in the intermediate (1.92 *
0.08 A) relative to the native structure (4.39 +
0.28 A). In addition, the four-stranded B sheet
of I is stabilized by non-native hydrophobic
core packing with the bulky aromatic ring of
Phe? filling the space occupied by the back-
bone of strand Bs in the native state (Fig. 1D).
An advantage of the chemical shift restrained
structure calculation is the possibility to determine
side-chain conformations by exploiting aromatic-
ring current effects on nearby backbone atom
chemical shifts. The difference in aromatic pack-
ing between states N and I is associated with
large chemical shift changes affecting the amide
proton of Glu® (Fig. 1D and fig. S3) and other
backbone resonances; this enables reliable ‘Place-
ment of the aromatic side chain of Phe” in a
position that is consistent with backbone amide
H/D exchange measurements (fig. S9).
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Our structure thus explains why the four-
stranded 3 sheet constitutes a metastable folding
intermediate. It also reveals how this state can
lead to aggregation, as it exposes strand B, which
has an unusually hydrophobic amino acid se-
quence that is predicted (25) to be aggregation-
prone (Fig. 2, A and C). B sheets require nonideal
edge strands to avoid aggregation (26), such as
the bulge at Pro”’ in strand Bs of the native Fyn
SH3 (Fig. 1C), a conserved structural feature at
this position in SH3 domains. Accordingly, the
native state is protected from aggregation (Fig. 2B),
whereas the intermediate is highly aggregation-
prone (Fig. 2D). Because the extent of aggregation
of I is limited by its low population (=2% of
the total concentration), we have experimentally
studied its aggregation propensity by engineering
the truncation mutant, A39V/N53P/V55L/A(57-60)
Fyn SH3. The truncated domain has the same
temperature midpoint and enthalpy of folding
(fig. S10) as predicted for I based on the thermo-

Fig. 3. Aggregation of the structural mimic of the fold-
ing intermediate. (A) Intensity loss of backbone amide
resonances in a series of [*H, °N]-heteronuclear single
quantum coherence spectroscopy experiments recorded
on 1.0 mM [U-3C,">N] A39V/N53PN/S5L/A(57-60)
Fyn SH3 (top panel). Signal decreases of 0.16% per
day at 15°C (black) and 1.6% per day at 20°C
(blue) are quantified. The initial intensity (100%) is
marked with a thick continuous horizontal line; sloped
continuous lines are the result of linear regression.
Monomeric A39V/N53PA/55U/A(57-60) Fyn SH3 pre-
dominantly adopts a structure mimicking the folding
intermediate of the A39V/N53PA/S5L fzn SH3 do-
main [inset shows correlation between N chemical
shifts of 1 (y axis) and A39V/N53PN/55UA(57-60) Fyn
SH3 (x axis); fig. S11], with populations of the un-
folded state estimated to be 5.7% at 15°C or 8.3%
at 20°C (fig. S10). ppm, parts per million. In con-
trast, no significant systematic intensity loss could
be detected for other destabilizing mutants (bot-
tom panel) such as 0.9 mM L3A/A39V/N53PA/55L
Fyn SH3 (red diamonds) (22) or 0.9 mM F20L/A39V/
N53PA/55L Fyn SH3 (green squares) (22) at 35°C,
even though the relative and absolute populations
of the unfolded state under these conditions are
similar (22) to those in the top panel. A threshold of
2% (dashed horizontal lines) was estimated to in-
dicate a statistically significant change under the
experimental conditions. Intensities are plotted as
mean + SD (error bars) over all backbone amide
resonances that could be quantified accurately. (B
and C) Negative stain transmission electron micro-
graphs of A39V/N53PA/55L/A(57-60) Fyn SH3 showing
aggregates at two different magnifications, as indicated
by the scale bars. (D) Overlay of the CD spectra of
A39V/NS3PA/S5L (black), A39V/NS3PA/55L/A(57-60)
Fyn SH3 monomers (blue), and aggregates (red). A,
wavelength; Opgrw, mean residue molar ellipticity.
(E) Overlay of the absorption spectra of 20 uM
Congo red in the absence (red) and presence (black)
of A39V/N53PA/55L/A(57-60) Fyn SH3 aggregates.
The difference spectrum (dashed blue curve) shows
a clear hyperchromicity and red shift of the ab-
sorbance band around 500 nm.

dynamics of the A39V/N53P/V55L Fyn SH3 do-
main (/9) and is a structural mimic of I, as
verified by backbone chemical shifts (Fig. 3A,
inset, and fig. S11).

As expected, A39V/NS3P/V55L/A(57-60) Fyn
SH3 spontaneously forms aggregates at room tem-
perature under NMR conditions, associated with a
significant resonance intensity loss on the time
scale of days (Fig. 3A, top). This process can be
slowed down dramatically by lowering the tem-
perature (Fig. 3A, top), indicating a sizable rate-
limiting energy barrier. This suggests that formation
of stable aggregates after an initial oligomerization
step may require extensive structural rearrange-
ments. The resulting aggregates have a curly fi-
brillar shape with a diameter of several nanometers
in negative-stain transmission electron micrographs
(Fig. 3, B and C, and fig. S12, A to C). They
exhibit characteristic amyloid-like properties:
For example, they have a high B-strand content,
as established by circular dichroism (CD) spectra

REPORTS I

that feature a very negative minimum at 214 nm
in contrast with CD spectra of the native state
(Fig. 3D), and they bind to Congo red dye (Fig.
3E and fig. S13A), a stain commonly used to
identify amyloid deposits (/—3). Similar fibrillar
aggregates are also formed by the truncation
mutants A(56-60) and A(57-60) Fyn SH3 in the
wild-type background (figs. S12, D to H, and
S13, C and D). The aggregation observed here is
specific only to the truncation mutants that were
rationally designed on the basis of the intermediate-
state structure (Fig. 3A, top). None of the other
mutants we have studied previously (22) show
any evidence for spontaneous aggregation under
similar conditions (Fig. 3A, bottom), not even when
the unfolded state populations are as high or
higher than for the truncated domains examined
above. These results provide strong evidence that
aggregation does not proceed via global unfold-
ing, but rather involves a locally unfolded state
accessed through thermal fluctuations.
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Locally unfolded states that are separated from
the N state by only low free-energy barriers play
important roles in aggregation (4). In vivo or
under physiological conditions, the structural
fluctuations that access these locally destabilized
conformers can be accelerated in a variety of
ways, including by mutation, subunit dissocia-
tion, or cis-trans prolyl peptide bond isomeriza-
tion (4, 11, 12). In vitro, fibril formation is often
facilitated by destabilization through denaturants
or acidic conditions, as in the case of the PI3K
(5, 27, 28), a-spectrin (29, 30), and Yes (37)
SH3 domains. Interestingly, even under acidic
conditions the aggregation propensity of an
o-spectrin SH3 mutant was shown not to be
correlated with overall stability (29), and ther-
modynamic measurements indicated that ag-
gregation involved only partial unfolding (30),
as observed for the Fyn SH3 domain studied
here. In fact, many of the key residues and struc-
tural features that stabilize the A39V/NS3P/V55L
Fyn SH3 intermediate are also found in these oth-
er SH3 domains, suggesting that the mechanism
of aggregation reported here is likely to be con-
served. For example, Yes, N47A (Asn*"—Ala*),
o-spectrin, and PI3K SH3 domains all contain a
hydrophobic side chain at the position corre-
sponding to Phe* in Fyn SH3 (Fig. 1D), as well
as a hydrogen bond corresponding to the one
between Ile*® HN and Thr* CO (fig. S14) in the
I state of the A39V/NS53P/V55L Fyn SH3 do-
main, which compensates for the loss of in-
teractions involving Bs (Fig. 1C). Furthermore,
the carboxyl-terminal region of strand Bs is
unfolded in amyloid-like PI3K SH3 fibrils
(27, 28), providing strong evidence in support
of the conclusion that the formation of native
strand PBs is critical in preventing aggregation
during folding.

Our study demonstrates that key processes
leading to amyloid fibril formation can be un-

derstood through detailed structural studies of
the monomeric precursors populated under close
to physiological conditions. The three-dimensional
structure of the SH3 domain intermediate re-
ported here, obtained under native equilibrium
conditions, provides a compelling illustration of
how incomplete folding can trigger misfolding
and aggregation. In this process, key non-native
interactions that normally lead to folding also
cause transient exposure of an aggregation-prone
region subject to aberrant intermolecular associ-
ation. These results highlight the promise of RD
NMR for increasing our understanding of the
link between thermally accessible, low-populated
folding intermediates and fibril formation, as well
as for the identification of specific structural ele-
ments that can be targeted through rational de-
sign of therapeutics against protein misfolding
diseases.
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