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Characterization of amyloidogenic intermediate states is of central importance in understanding the
molecular mechanism of amyloid formation. In this study, we utilized CD and NMR spectroscopy to
investigate secondary structure of the monomeric amyloidogenic intermediate of a p-structured SH3
domain, which was induced by trifluoroethanol (TFE). The combined biophysical studies showed that the
native state SH3 domain is gradually converted to the amyloidogenic intermediate state at TFE concen-
trations of 20-26% (v/v) and the aggregation-prone state contains substantial amount of the (-sheet
conformation (~30%) with disordered (54%) and some helical characters (16%). Under weaker
amyloidogenic conditions of higher TFE concentrations (>40%), the 3-sheet structures were gradually
changed to helical conformations and the relative content of the helical and -sheet conformations was
highly correlated with the aggregation propensity of the SH3 domain. This indicates that the p-sheet
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characters of the amyloidogenic states may be critical to the effective amyloid formation.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Progressive accumulations of proteins into insoluble aggregates
(amyloid) are implicated in diverse pathological cellular dysfunctions
as well as in regular biological processes [1]. The amyloid formation
involves conformational changes from native states to amyloidogenic
intermediates and their self-assembly into insoluble aggregates [2-4].
Extensive biophysical studies have, therefore, been carried out on the
intermediates to gain insight into structural features of the amyloido-
genic state of proteins. It is widely believed that the monomeric
amyloid-forming intermediate adopts partially folded molten globule
states [2,4,5], which may contain extensive 3-sheet conformations
that can facilitate the inter B-strand aggregation. Various biophysical
studies of amyloidogenic proteins have suggested the [3-sheet like
intermediates [6-11]. However, a-helical intermediates have also
been detected for AP peptides and acylphosphatase [12-14]. Thus, it is
of great importance to characterize the structural feature of the
monomeric intermediate states in more detail, not only to understand
the mechanism of amyloidogenesis, but also to develop effective
therapeutic strategies.

Direct characterization of the amyloidogenic intermediate has,
however, been impeded due to the fact that the intermediate state is
believed to be highly flexible and might be in a dynamic equilibrium
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with native states and/or with soluble oligomers depending on the
conditions. For example, circular dichroism (CD) spectroscopy has
been predominantly used to obtain the secondary structural infor-
mation since a very low protein concentration (<20 pM) can be used
for the CD experiments, which is required to avoid the aggregation for
most amyloidogenic proteins. However, interpretation of the CD data
may not be straightforward if the monomeric intermediate is in the
dynamic equilibrium, since the CD spectrum is indeed an averaged
one contributed from various states in equilibrium, and thus the CD
spectra cannot be properly analyzed without relative population
information.

NMR spectroscopy has also been used to probe structural changes
from native to the intermediate states, and provided valuable
structural information of the intermediate states [11,15]. However,
the urea-titration and hydrogen/deuterium exchange NMR experi-
ments have not provided detailed secondary structural information of
the amyloidogenic intermediate. In addition, most NMR characteriza-
tions of the intermediate states have been performed under close to
amyloidogenic or non-amyloidogenic conditions where the non-
amyloidogenic states are highly stable over a long period of time
(>24 h) even at high protein concentrations (>1.5 mg/ml) [8,11,16-
18], and thus the real amyloidogenic intermediate state may not be
highly populated.

In this study, we utilized CD spectroscopy to investigate the
secondary structure of the amyloidogenic intermediate state for the
phosphatidylinositol 3-kinase (PI3K) SH3 domain. The PI3K SH3 domain
is a small 85-residue 3-barrel protein interaction module implicated in
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diverse signal transduction pathways (Supplementary Fig. S1) [19].
Although the SH3 domain is not associated with any amyloid disease,
the small protein was shown to readily form amyloid under partly
denaturing conditions [20]. In particular, the small 3-structured protein
effectively formed cytotoxic amyloid in the presence of ~25% (v/v)
trifluoroethanol (TFE) at pH 5.5 [21]. The SH3 domain has, therefore,
served as a model amyloidogenic protein for the detailed understanding
of amyloid formation mechanism [21-27].

The helix-stabilizing organic solvent (TFE) has been shown to
induce amyloid formation most efficiently for various types of
proteins [7,9,12,13,21,28-32] including the PI3K SH3 domain with a
medium range of concentrations (15-40%). The critical concentration
of the proteins where oligomerization is not observed is known to be
less than 25 uM at the medium TFE concentrations, indicating that
amyloidogenic intermediate states are highly populated under the
effective amyloidogenic condition. At lower or higher TFE concentra-
tions, protein aggregation was not observed or aggregation rate was
significantly reduced. Thus, extensive CD studies have been carried
out to investigate amyloidogenic properties of various proteins using
TFE, which provided valuable insight into the structural changes from
native to intermediate states [7,9,12,13,28,30,31]. In conjunction with
the CD studies, we employed two dimensional (2D) 'H/'°N hetero-
nuclear single-quantum coherence (HSQC) NMR experiments to
probe the equilibrium between the native and non-native states of
the monomeric SH3 domain at the amyloidogenic condition. The
combined CD and NMR studies allowed us to obtain direct
information as to the secondary structure of the amyloidogenic
intermediate of the SH3 domain.

2. Experimental
2.1. Materials

A pGEX-6P1 plasmid for the PI3K SH3 domain was a gift from Prof.
Okishio (Kanazawa University Faculty of Medicine, Japan). The GST
fusion SH3 domain was expressed and purified according to the
manufacturer's manual (Amersham Bioscience). The fusion protein
was cleaved with a PreScission enzyme (Amersham Bioscience),
resulting in additional five residues (GPLGS) in the N-terminus. The
cleaved proteins were subsequently purified with HPLC using a
Superdex-75 column (Amersham Bioscience). Protein concentration
was determined by measuring the absorbance at 280 nm in 6.0 M
GdnHCl with a molecular extinction coefficient of 14,500 M~ ! cm™ .

Amyloidogenic properties of the 90-residue PI3K SH3 domain
were identical to the previously reported data [21], which were
characterized by thioflavin T binding assays and transmission electron
microscopy (Supplementary Fig. S2 and S3). The protein samples
formed amyloid almost immediately in 50 mM sodium acetate (or
20 mM sodium phosphate) buffer containing 25-26% TFE (pH 5.4-
5.6) at room temperature with protein concentrations of >2 mg/ml
(0.2 mM). At a lower concentration of 1 mg/ml, aggregates were
observed within 1h at 25% TFE (pH 5.5), indicating that the
amyloidogenic intermediate state is highly populated at the amyloi-
dogenic condition. Thus, a very low protein concentration of 0.12-
0.5 mg/ml depending on the TFE concentration was used for the CD
and NMR experiments, where aggregation was not observed during
the experiments.

2.2. Circular dichroism (CD) spectroscopy

All of the CD spectra were collected at 25 °C with a 0.25 mg/ml
protein sample in 20 mM sodium phosphate buffer (pH 5.5) using
Jasco ]-810 spectropolarimeter (Easton, MD) and a 10 mm path length
quartz UV cell. A CD spectrum at a lower protein concentration of
0.12 mg/ml at 26% TFE was identical to that obtained at the higher
protein concentration, which indicates that the amyloid-forming

states predominantly exist as monomeric forms under the experi-
mental conditions. The experimental CD spectra were fitted with the
software DICHROWERB [33] for the secondary structure analysis.

2.3. NMR spectroscopy

All spectra were obtained at 25 °C on a 500 MHz Varian Inova
spectrometer equipped with a z-axis gradient double resonance NMR
probe and 600 MHz (Varian Inova) with a cold probe (Duke
University NMR center). Protein concentrations of 0.12-0.5 mg/ml
in 50 mM sodium acetate buffer (pH 5.5) were used for the NMR
studies. At the amyloidogenic conditions (22-26% TFE) where the
equilibrium is observed, the HSQC spectra were obtained using a cold
probe with a 0.25 mg/ml protein concentration, which took a couple
of hours of experimental time. One dimensional NMR experiments
were also performed before and after the 2D NMR experiments and
the NMR spectra were identical, suggesting that the SH3 domain
remains as monomeric forms during the experiments.

3. Results
3.1. Conformational transition to amyloidogenic intermediate states

CD experiments were carried out on the SH3 domain as a function of
the TFE concentration to investigate structural changes under amyloi-
dogenic conditions (Fig. 1). A very low protein concentration of
0.25 mg/ml (25 M) was used to probe the conformational changes
between the monomeric native and amyloidogenic states. The CD
signals remained almost unchanged up to 20% TFE. At slightly higher TFE
concentrations (21-26%), changes in the CD signals were observed,
suggesting a conformational transition of the SH3 domain at the
moderate TFE concentrations. With increased TFE concentrations
(>40%), the SH3 domain adopted extensive helical conformations.

The amyloid formation property of the SH3 domain as a function of
the TFE concentration has been well characterized. For example, the
SH3 domain protein at higher concentrations (>0.2 mM) almost
immediately aggregated at moderate TFE concentrations of 22-26%,
and its aggregation propensity is decreased at higher TFE concentra-
tions (>40%). Secondary structural analyses of the CD spectra at the
different TFE concentrations may, therefore, provide useful informa-
tion as to correlation between the secondary structural features and
the aggregation propensity. However, the aggregation-prone inter-
mediate state may be in a dynamic equilibrium with the native state,
which limits unambiguous analyses of the secondary structure using

80
— 0% TFE
—— 20% TFE
60 1 — 225%TFE
— 233%TFE
40 — 25% TFE

— 26% TFE

[6]*10-3 (deg cm? dmol-')

190 200 210 220 230 240 250
wavelength (nm)

Fig. 1. Far-UV CD spectra of the SH3 domain (0.25 mg/ml) in 20 mM sodium phosphate
buffer (pH 5.5) with various TFE concentrations (v/v).



K.H. Lim et al. / Biophysical Chemistry 151 (2010) 155-159

the CD data alone. For the structural studies for the intermediate state,
it is necessary to characterize the presumable equilibrium between
the native and intermediate states.

In order to investigate the structural changes in more detail, 2D
'H/'>N HSQC NMR experiments were carried out at the same
conditions as used for the CD experiments (Fig. 2). The NMR spectra
demonstrate that the protein undergoes at least two steps of
conformational transitions depending on the TFE concentration. At
low TFE concentrations of up to 20% (Fig. 2A), the protein remains
folded based on the well-dispersed NMR resonances [34]. At 22.5%

157

TFE where the CD signals started changing, new NMR resonances
appeared mainly in the middle of the NMR spectrum (Fig. 2B).
Interestingly, the NMR resonances were observed within 1 ppm in
the 'H dimension. The minimal dispersion observed in the 'H
dimension suggests that the tertiary structure of the SH3 domain is
disrupted under these conditions, indicating that the folded proteins
undergo a drastic conformational transition to unfolded states [34].
At higher TFE concentrations, the native state gradually disappeared
(more dispersed black and blue peaks at 8.6-9.6 ppm in the 'H
dimension), while new resonances (red and green peaks) grew in
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Fig. 2. "H/">N HSQC NMR spectra of the SH3 domain in 50 mM sodium acetate buffer (pH 5.5) with (A) 20%, (B) 22.5%, (C) 25%, (D) 26-40%, and (E) 40-80% TFE concentrations. At
the 26% TFE, 75 peaks were resolved in the HSQC spectrum, and more than 20 peaks were significantly broadened or disappeared at 80% TFE.
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intensity (Supplementary Fig. S4). The NMR resonances for the two
states in equilibrium were clearly resolved, indicating that the
conformational transition occurs on slow time scales (>ms), as was
observed for that between folded and unfolded Drosophila signaling
adapter protein drk SH3 domain [35]. In addition, the chemical shifts
for the native and unfolded states remained identical during the
transition, consistent with the two-state transition probed by CD
spectroscopy (Fig. 1).

The native state is almost completely converted to the amyloido-
genic unfolded state at 25-26% TFE concentration (Fig. 2C-D), which
is the most effective amyloidogenic condition for the SH3 domain.
This clearly indicates that the changes in the CD signals with the
increased TFE concentration at 20-26% were caused by the shift of the
equilibrium from the native state to the monomeric intermediate
rather than by gradual structural changes. As the TFE concentration is
increased further up to ~40% the NMR spectra remain almost
unchanged except for the several resonances that are linearly shifted
(Fig. 2D). At higher TFE concentrations, almost all of the NMR
resonances in the HSQC spectra were slightly affected. In addition,
more than 20 resonances became broader and many of those
disappeared (Fig. 2E), presumably due to slow protein motions on
ms time scales characteristic of the partly structured molten globule
state of proteins [34,36]. This indicates that the SH3 domain becomes
more structured with more stable helical conformations at the higher
TFE concentrations, as was observed in the CD experiments (Fig. 1).

3.2. Secondary structural analyses

The NMR studies showed that the native state is almost fully
converted to the amyloidogenic unfolded state at the 25-26% TFE. The
CD spectra at different TFE concentrations were analyzed to investi-
gate the secondary structural changes. The natively B-structured SH3
domain (Supplementary Fig. S1) contains extensive 3-sheet characters
(~30%) even in the helix-stabilizing organic solvent, TFE, of 26%
(Table 1). The relative content of the 3-sheet conformation signifi-
cantly decreased to 14% at the higher TFE concentration, while the SH3
domain adopts more helical conformation (Table 1). More disordered
regions including turns were not affected by the TFE, suggesting that
the P-sheet conformations were mainly converted to the helical
structures. The changes in the secondary structures are highly
correlated to the amyloidogenic properties of the SH3 domain. The
small protein with substantial 3-sheet characters at the 26% TFE forms
amyloid even at a low protein concentration (40 uM), as demonstrated
in the CD studies (Fig. 3 and Supplementary Fig. S5). After 52 h of
incubations, the SH3 domain (40 pM, 26% TFE) was almost fully
converted to PB-structured oligomers. The ThT fluorescence assays
confirmed that the SH3 domain aggregates possess amyloid properties
(Supplementary Fig. S2). However, it appears that the SH3 domain
forms less ordered aggregates at 26% THE than amyloid fibril based on
the TEM image (Supplementary Fig. S3). At higher TFE concentrations
(>40%), the SH3 domain was not oligomerized even at higher
concentrations. This strongly indicates that the 3-sheet characters at
the 26% TFE are critical to effective amyloid formation.

Table 1
Relative content of the secondary structures at different TFE concentrations calculated
by using the software DICHOWEB [33].

TFE concentration (v/v) a-helix 3-sheet B-turn Random coil
0% 11.9% 23.5% 21.1% 43.5%
26% 15.9% 28.7% 19.4% 36.0%
40% 30.0% 19.4% 20.5% 30.1%
70% 37.6% 13.8% 18.3% 30.3%
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Fig. 3. Far-UV CD spectra of the SH3 domain (0.40 mg/ml) in 50 mM sodium acetate
buffer (pH 5.5) with 26% TFE as a function of the incubation time. The spectra were
collected every 4 h at 25 °C.

4. Discussion

Structural features of the amyloidogenic intermediate states of
various amyloidogenic proteins have been extensively investigated.
The structural properties of the intermediate state at the amyloid-
forming conditions have been explored mainly by using CD
spectroscopy, which have provided useful secondary structural
information of the monomeric intermediate states. The CD experi-
ments of various amyloidogenic proteins suggested that the mono-
meric amyloidogenic states adopt p-sheet conformations [7-10].
However, similar CD studies showed that a-helical conformations are
involved in the amyloid-forming process of the AR peptides and
acylphosphatase [12-14]. In addition, it was recently shown that
myoglobin forms amyloid through highly unfolded amyloidogenic
states rather than (-sheet like molten globules [37]. In those
extensive CD studies, the probable equilibrium between the native
polypeptides and amyloidogenic states was, however, not character-
ized to interpret the CD spectra, which limits quantitative secondary
structural analyses of the CD spectra.

In this study, the structural transition between the monomeric
native and amyloidogenic intermediates is probed by using NMR
spectroscopy (Fig. 2). Although the CD experiments suggested a two-
state transition from the native (0% TFE) to molten globule state (70%
TFE), the TFE titration NMR experiments revealed at least three
distinct states of the SH3 domain, folded native state, amyloidogenic
intermediate, and partly structured molten globule depending on the
TFE concentration. The single isodichroic point in the CD spectra
(Fig. 1) may be presumably due to the overlap of the isodichroic
points for the two structural transitions. This clearly demonstrates
that the NMR experiments are critical to properly interpret experi-
mental CD data. The CD spectra for the amyloidogenic intermediate
and non-amyloidogenic molten globule states of the SH3 domain
could be analyzed for the secondary structure determination with the
aide of the NMR experiments. The secondary structure analyses of the
CD data showed that the monomeric amyloidogenic intermediate
state contains considerable R-sheet conformations (~30%) with
extensive turns and disordered regions (~54%) and some helical
characters (16%). Interestingly, the amount of the 3-sheet conforma-
tion at the 26% TFE remained almost unchanged compared to that in
the native state (Table 1), suggesting that the amyloidogenic state
contains extensive native [3-sheet character.

At the higher TFE concentrations (>40%), the PR-sheet like
structures gradually disappeared and changed to helical conforma-
tions, while the other structural features remained unchanged.
Amyloid formation of the SH3 domain was not observed at the higher
TFE concentrations, and thus the conformational changes are closely
related to the aggregation property of the SH3 domain. In addition, the
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SH3 domain with extensive other secondary structural characters
including helical conformation (~70%) was completely converted to
3-sheet structured oligomers at the 26% TFE (Fig. 3). These suggest
that the p-sheet structures in the amyloidogenic intermediate state
are critical to initiating and promoting effective amyloid formation.

In summary, we demonstrated unambiguous secondary structural
analyses of the monomeric amyloidogenic intermediate state of the
SH3 domain with a combined use of the CD and NMR spectroscopy.
Structural conversions of the SH3 domain from the native to
monomeric amyloidogenic intermediate and to the non-amyloido-
genic states were analyzed by 2D NMR experiments, which allowed
for the secondary structural analyses of the CD data. The combined
biophysical methods can also be applied to other amyloidogenic
proteins.
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