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ABSTRACT: Understanding nonnative protein aggregation is critical not only to a number of amyloidosis
disorders but also for the development of effective and safe biopharmaceuticals. In a series of previous studies
[Weiss et al. (2007) Biophys. J. 93, 4392—4403; Andrews et al. (2007) Biochemistry 46, 7558—7571; Andrews
et al. (2008) Biochemistry 47, 2397—2403], a-chymotrypsinogen A (aCgn) and bovine granulocyte colony
stimulating factor (bG-CSF) have been shown to exhibit the kinetic and morphological features of other
nonnative aggregating proteins at low pH and ionic strength. In this study, we investigated the structural
mechanism of aCgn aggregation. The resultant aCgn aggregates were found to be soluble and exhibited
semiflexible filamentous aggregate morphology under transmission electron microscopy. In addition, the
filamentous aggregates were demonstrated to possess amyloid characteristics by both Congo red binding and
X-ray diffraction. Peptide level hydrogen exchange (HX) analysis suggested that a buried native f3-sheet
comprised of three peptide segments (39—46, 51—64, and 106—114) reorganizes into the cross- amyloid core
of aCgn aggregates and that at least ~50% of the sequence adopts a disordered structure in the aggregates.
Furthermore, the equimolar, bimodal HX labeling distribution observed for three reported peptides (65—102,
160—180, and 229—245) suggested a heterogeneous assembly of two molecular conformations in aCgn
aggregates. This demonstrates that extended 3-sheet interactions typical of the amyloid are sufficiently strong
that a relatively small fraction of polypeptide sequence can drive formation of filamentous aggregates even

under conditions favoring colloidal stability.

Nonnative protein aggregation refers to self-association into
high molecular weight species that are composed of monomers
with altered secondary and/or tertiary structure relative to their
native counterparts. Depending on the aggregation conditions, the
resulting nonnative aggregates can adopt a diversity of morphol-
ogies from amorphous particles to highly aligned amyloid
fibrils (/—3). In the past three decades, the amyloid fibril class of
nonnative aggregates has been most extensively studied because of
their high degree of order and their relevance to human disease (4).
More recently, accumulating evidence has also demonstrated that
nonpathogenic proteins and synthetic polypeptides can form
amyloids when appropriate aggregation conditions are provided
(5, 6). Notably, though these amyloid-forming proteins and
peptides are of diverse sequence and native structure, they all
form fibrils that are rich in 3-sheet structure with a characteristic
X-ray diffraction pattern (7—12) and the ability to bind the dyes
Congo red and thioflavin T (ThT)' (13—15).
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The presence of protein aggregates as impurities in therapeutic
protein products has raised the concerns of potency reduction,
adverse side effects, and/or enhanced immunogenic response
(16—20). Therefore, the control and prevention of protein
aggregation remain an important challenge during development
of processing and formulation conditions that maximize protein
product shelflife (2/—23). A common strategy to increase protein
stability against aggregation is to use solution conditions favor-
able for protein colloidal stability (e.g., characterized by the
osmotic second virial coefficient B,,), such as low pH and ionic
strength where the repulsive interaction between protein mole-
cules is enhanced (24, 25).

Previous studies suggest an interesting phenomenon that many
nonrelated proteins (e.g., insulin (26), -lactoglobulin (27), trans-
thyretin (28), myoglobin (5), lysozyme (29), BSA (30), a-synuclein
(31)) can form fibrillar aggregates when incubated under low
ionic strength and low pH conditions that produce strong
electrostatic repulsion between monomers. In contrast, these
same proteins form amorphous particulates when incubated at
high ionic strength and pH close to their isoelectric point (32).
The formation of two different aggregate morphologies may be
determined by the different intermolecular interactions involved:
specific and extended f-sheet interactions lead to amyloid
aggregates while nonspecific interactions result in amorphous,
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disordered aggregates. High colloidal stability appears to prevent
nonspecific molecular association, allowing S-sheet interactions
to facilitate amyloid fibril formation (3, 33).

However, several questions remain for the amyloid formation
of globular proteins. First, which regions in a full-length protein
contribute to the cross-f amyloid pattern in the resulting fibrils?
Second, what structural reorganization is necessary to form
extended S-sheets typical for amyloid from the native structure?
Third, how do these extended f-sheet interactions contribute to
the various morphologies of amyloid fibrils when considerable
disordered structure is also present in protein aggregates? To
address the first question, both experimental measurement and
computational prediction of amyloid-forming regions have been
developed and performed for multiple well-known amyloid
formation proteins (34—37). However, correlation of these two
approaches has been less attempted, particularly for full-length
proteins. For the second and third questions, few proteins have
been studied at the molecular level to relate structural reorgani-
zation to the adopted amyloid morphology due to the difficulty in
characterizing the complex structures formed (10, 34, 38).

In a recent series of publications, the nonnative aggregation
kinetics of two model proteins, bovine granulocyte colony stimu-
lating factor (bG-CSF) and a-chymotrypsinogen A (aCgn), at low
pH and low ionic strength were extensively investigated (16, 39, 40).
The formed soluble aggregates from both proteins showed
indistinguishable semiflexible filamentous morphologies under
transmission electron microscopy (TEM), similar to precursor
protofibrils of many well-characterized amyloid fibrils (4/—43). In
addition, both filamentous aggregates had increased [-sheet
content relative to their native states and bound the dye thioflavin
T (ThT) (16), suggesting that the nonnative aggregates of bG-CSF
and aCgn may be amyloid-like. Because human G-CSF is used as
a pharmaceutical protein, the formation of protofibrillar aggre-
gates potentially raises concerns about immunogenicity (/8, 19)
and even potential cytotoxicity by analogy to protein amyloid
aggregates associated with neurodegenerative disease (44, 45).

In this study, we analyze the molecular level structural
reorganization during the aggregation of aCgn at low pH and
ionic strength. First, we demonstrate aCgn filamentous aggre-
gates exhibit Congo red binding and X-ray diffraction patterns
characteristic of amyloids. Second, comparison of native mono-
mer and filamentous aggregates by hydrogen exchange detected
by mass spectrometry (HX-MS) reveals a detailed picture of local
structural rearrangement upon aCgn amyloid formation. In this
process, aCgn molecule undergoes substantial structural unfold-
ing, and many residues are excluded from the core of the amyloid.
In contrast, three short segments gain high solvent protection
after aggregation, suggesting they form extended f3-sheets char-
acteristic for amyloids. Further, these HX-protected segments
align with computationally predicted aggregation hotspots, i.e.,
regions with high propensity to form extended f3-sheets. Using the
structural constraints from the measurements, a prospective
model of the monomer structure within the amyloid was con-
structed, which helps to explain the interactions involved during
aggregation under colloidally stable conditions.

MATERIALS AND METHODS

Materials. aCgn (6x crystallized and lyophilized powder,
catalog no. C4879) was purchased from Sigma-Aldrich. Deuterium
oxide (D,0O) was obtained from Cambridge Isotope Laboratories
(99.9% deuterium; Andover, MA). An immobilized pepsin (from
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porcine gastric mucosa, catalog no. 6887; Sigma) column for online
proteolysis was prepared as previously described (38). All other
reagents were purchased from Sigma unless otherwise specified.

Aggregate Sample Preparation. aCgn powder was dis-
solved in 10 mM citric acid buffer, pH 3.5, at a final protein
concentration of 8§ mg/mL. Fresh monomer samples were used
immediately after dissolution in citric acid buffer. Soluble
aggregates were prepared by incubating a borosilicate glass vial
containing 2 mL of aCgn solution for 2.5 min at 65 °C using a
circulating water bath. The 2.5 min incubation time was chosen
as approximately 4—35 half-lives of monomer loss under identical
aggregation condition to ensure full conversion of monomer,
based on aggregation kinetics determined previously (16, 39).
Aggregated samples were then quenched by immediately trans-
ferring vials to an ice—water bath for another 2 min. The concen-
tration (mass basis) of both monomer and aggregate samples was
confirmed by SEC before use.

Congo Red Binding Assay. Congo red solution (120 uM in
PBS buffer) was filtered through a 0.22 um syringe filter three
times before use and then mixed with § mg/mL aCgn samplesin a
96-well plate. After an incubation and binding period of 45 min at
room temperature, absorbance at wavelengths of 405 and 540 nm
was measured using a SpectraMax Plus®®* microplate reader
(Molecular Devices, Sunnyvale, CA). PBS buffer was used as the
blank reference. The concentration of Congo red (mol/L) bound
to aCgn was determined as described by Klunk et al. (13).

Fourier Transform Infrared Spectroscopy (FT-IR). Three
hundred microliters of 8 mg/mL aCgn aggregate sample was
spread on a ZnSe plate and dried under gentle flow of dry air at
room temperature. The infrared spectrum was recorded on a Bio-
Rad FTS-60A spectrometer equipped with a Harrick Praying
Mantis diffuse reflectance accessory. The spectrum was obtained
from 100 averaged scans recorded at a resolution of 2 cm™ ' in the
range of protein amide I absorption (1580—1720 cm™"). Spectra
of native aCgn were obtained from aCgn monomer solution
dissolved in D,O-based buffer with identical parameter settings.
Spectral deconvolution was performed using Origin software
with multiple Gaussian peak fitting.

Transmission Electron Microscopy (TEM). Thermally
induced aCgn aggregates (8 mg/mL) were dialyzed against
2mM citrate, pH 3.5. Negatively stained specimens for transmission
electron microscopy (TEM) were prepared by applying 5 uL of
sample on hydrophilic 400 mesh carbon-coated Formvar support
films mounted on copper grids (Ted Pella, Inc.). The samples were
allowed to adhere for 3 min, rinsed twice with distilled water, and
stained for 1 min with 1% uranyl acetate (Ted Pella, Inc.). Grids
were examined in a CM-120 (FEI) microscope.

X-ray Diffraction of aCgn Filamentous Aggregates.
aCgn aggregate samples were first dialyzed against 2 mM sodium
citrate, pH 3.5, to remove the salts. Oriented samples for fiber
diffraction were prepared by placing 4 uL. of aCgn aggregates
between two fire-polished, silanized glass capillaries that were
spaced 1 mm apart. After 30 min, a second 4 uL drop of
aggregates was added. This was repeated three more times, and
then the samples were air-dried. X-ray diffraction data of the
oriented samples were collected on beamline 24-ID-E at the
Advanced Photon Source (APS) at Argonne National Labora-
tory. The sample-to-film distance was 500 mm. Data were
collected on a Quantum315 detector using an X-ray beam
wavelength of 0.97918 A.

Hydrogen|Deuterium Exchange. The procedure shown
schematically in Figure 1 was used to carry out HX analysis.
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FiGure 1: HX procedure used to measure deuterium labeling of
native aCgn and thermally induced aggregates at both intact mole-
cule and peptide level. The experimental step in dotted box is
performed only during peptide level HX analysis.

Whole protein H/D exchange of aCgn monomer and thermally
induced aggregates was initiated by diluting 5 uL of aCgn solu-
tion into 45 uL of citric acid buffer, made up in D,O at pH 3.5.
The labeling was carried out at room temperature for durations
from 10 s to 600 min and then quenched by adding 150 uL of cold
8 M guanidine hydrochloride solution and 20 uL of 1 M tris-
(2-carboxyethyl)phosphine (TCEP) solution (both at pH 3.0).
The formed aCgn aggregates were highly stable (46), and a high
concentration of guanidine hydrochloride (6 M in quenched
sample) was required to dissociate aggregates back to monomer
in a short time (2 min at ice cold) for mass analysis. The quenched
aCgn sample was desalted with a peptide trapping column (1 mm
i.d. x 8 mm, catalog no. TR1/25108/01; Michrom Bioresources,
Auburn, CA) before delivery to a standard ESI ion-trap mass
spectrometer (LTQ; Thermo Electron Corp., San Jose, CA) for
analysis. A short gradient of acetonitrile (ACN) from 5% to 80%
in 5 min (50 uL/min delivered by Surveyor MS Pump, Thermo,
San Jose, CA) was used to elute intact aCgn from the trapping
column.

For peptide level H/D exchange experiments, a high concen-
tration of guanidine hydrochloride used to dissociate aggregates
would be detrimental to pepsin activity. Therefore, after aggre-
gate dissolution, the quenched aCgn sample was diluted 5-fold
with 10 mM citric acid buffer, pH 3.0. The digestion was achieved
by flowing aCgn samples through an online immobilized pepsin
column. The resultant peptides were desalted with the same
peptide trapping column and then separated in a second, resolv-
ing column (Vydac Cyg, 0.3 x 50 mm; Grace Vydac, Hesperia,
CA). In peptide separation, a longer ACN gradient elution (from
15% to 40% over 15 min) was used. All of the reporter peptides
used for local structural analysis were assigned by performing
MS/MS mass spectrometry, followed by analysis with Turbo-
SEQUEST software. To minimize artifactual exchange during
the analysis time, all of the columns, loops, and lines were
immersed in an ice bath during all of the experiments.

The deuteration level for intact molecule and each reporter
peptide was calculated by the equation:
m—my

D% =—
% (m100 = 1) x 0.9

x 100 (1)
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where m is the measured centroid mass of the deuterated molecule
or peptide after a particular labeling time; 7, and m, o are the two
centroid mass limits of a molecule and reporter peptide from
zero-deuteration and full-deuteration control experiments,
respectively. The factor of 0.9 in the denominator accounts for
the 90% deuterium in the labeling solution.

Dynamic Light Scattering. The size distribution and poly-
dispersity of aCgn aggregates formed at different incubation times
were measured by dynamic light scattering. Experiments were
performed at 25 °C with a DynaPro plate reader (Wyatt Technol-
ogy, Santa Barbara, CA). The scattering angle was 90°. All of the
samples were diluted to 0.5 mg/mL and filtered through a 0.22 ym
syringe driven filter before each measurement. Scattered light
intensity of aCgn aggregate samples was averaged over a 5s period
to obtain autocorrelation functions in the manufacturer’s soft-
ware, DYNAMICS (Wyatt Technology, Santa Barbara, CA).
Twenty acquisitions were performed as one measurement, and
three measurements were made for each aggregate sample. In data
analysis, aggregate size distribution and polydispersity were
determined using a regularization method.

Model Construction of Amyloid aCgn Aggregates. Struc-
tural modeling of aCgn aggregates was based on all of the
information obtained from X-ray fibril diffraction, FT-IR, and
peptide level HX analysis. The model building was performed
with the graphics program O (47) and COOT (48). This crude
model was then energy minimized with the program CNS by
optimizing hydrogen bonding and removing steric clashes (49).
For more information about the model construction, see the
Supporting Information.

RESULTS

Amyloid Structure in Thermally Induced aCgn Aggre-
gates. The kinetics of aCgn nonnative aggregation under
elevated temperature and a range of pH and [NaCl] has been
previously investigated using SEC and multiangle light scatter-
ing (1, 16, 39, 50). Low pH, low ionic strength, thermally induced
aCgn aggregates appear to be linear, semiflexible filaments
(shown in Figure 2A). These resemble the intermediate proto-
fibrils of many amyloid fibrils. However, aCgn filamentous
aggregates under this solution condition do not aggregate appre-
ciably with each other (7, 46, 50), unlike many amyloid-forming
proteins (57, 52). Thermally induced aCgn aggregates exhibit
increased f-sheet content and ThT binding, indicating the
prospect of amyloid structure in thermally induced aCgn aggre-
gates. But the above evidence was not conclusive because non-
amyloid aggregates were also found to display each of these
characteristics (53, 54).

To determine more conclusively whether aCgn aggregates pos-
sess amyloid structure, we further characterized them by Congo red
binding and X-ray diffraction. As shown in Figure 2B, filamentous
aggregates bind considerably more Congo red than native aCgn.
Consistent with this, the oriented samples of aCgn aggregates
(Figure 2C) had the characteristic for amyloid cross-f X-ray
diffraction pattern (/5). From this diffraction pattern, it can be
inferred that aCgn aggregates are formed of extended S-sheets, in
which S-strands are spaced 4.6 A apart and are oriented perpen-
dicularly to the fibril axis. The extended p-sheets are oriented
parallel to the fibril axis with a sheet-to-sheet distance of ~9.5 A.

Antiparallel B-Sheet Orientation Suggested by FT-IR
Analysis. To obtain more information about the structural
content of aCgn aggregates, FT-IR was performed for both
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native monomer and air-dried aggregates prepared as described
previously (55). Shown in Figure 3, the filled squares represent
the experimental FT-IR data collected as described in Materials
and Methods. The solid line is a fitted curve using multiple
Gaussian peaks based on bandwidth deconvolution. The dotted
lines are deconvoluted contributions from different secondary
structure elements. 5-Sheet structure as indicated by the major
absorption at 1627 cm ™" was slightly increased in aCgn aggre-
gates relative to native monomer. Notably, in addition to the
strong absorption band at 1627 cm™', a small but significant
absorption band at 1690 cm™' was observed for both native
monomer and aggregates. According to previous studies (53, 56),
the simultaneous presence of these two IR absorption peaks can
be indicative of antiparallel f-sheet. Thus, the FT-IR spectra in
Figure 3 suggest that aCgn f-sheets are antiparallel not only in
the native monomer but also in the thermally induced aggregates.

A Electron Microscopy C X-ray fibril diffraction

Bound Congo red (uM)

aCgn monomer  aCgn aggregate

FIGURE 2: Electron microscopy (A), Congo red binding assay (B),
and cross- X-ray pattern (C) of oriented thermally induced aCgn
fibrillar aggregates. In panel B, on the meridian there is a strong 4.6 A
reflection which corresponds to the distance between the S-strands.
The diffuse 9.5 A reflection corresponds to the distance between the
sheets, which are oriented parallel to the fibril axis. In panel C, the
error bars represent the standard deviation determined from three
replicates.
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Global Solvent Accessibility of aCgn Aggregates
Revealed by Hydrogen Exchange. Hydrogen exchange
(HX) of intact aCgn was first used to compare the overall solvent
accessibility for native monomer and filamentous aggregates.
Figure 4A shows the resulting mass spectra of native monomer,
thermally induced aggregates, and fully unfolded monomer
subjected to deuterium exchange for durations ranging from
5 to 600 min. As a denatured control, fully unfolded aCgn was
prepared by dissolving protein in 6 M guanidine hydrochloride
solution. Figure 4B shows the quantitative level of deuterium
labeling as a function of exchange time calculated by eq 1 in
Materials and Methods. As expected, fully unfolded aCgn had
the highest degree of deuterium labeling among the three protein
forms due to the loss of folded structure brought about by the
denaturant. Under these conditions, labeling was essentially
complete within 35 min. By contrast, both native monomer
and aCgn aggregates were only partially labeled even after
600 min, indicating the presence of some solvent-protected
structure in both states. The aggregated state of aCgn showed a
much higher degree of deuterium labeling than native monomer
(~80% vs 40%) at long labeling time. This suggests that in
forming filamentous aggregates aCgn loses native structure to
expose numerous residues to the solvent. This was consistent with
the fact that the temperature used to prepare the aggregates was
approximately 5—6 °C above the melting temperature (39).
However, it is also clear from Figure 4B that the formed aggre-
gates were not fully unstructured. Solvent-protected structure
existed at least in some regions of the molecule.

Local Structural Changes Revealed by Peptide Level HX
Analysis. To identify the local structural differences between
native monomer and filamentous aggregates, peptide level HX
analysis was carried out by incorporating an online proteolysis
step. This allowed cleavage of the deuterium-labeled aCgn
molecule into short reporter peptides, which retained the local
deuterium labeling information. Using this approach, we identi-
fied 21 reporter peptides as described in Materials and Methods.
These reporter peptides covered about 83% of the aCgn sequence,
with the gaps in sequence coverage being in the Cys-rich
C-terminal region.

In comparing peptide level HX between aCgn monomer and
aggregates, reporter peptides from different regions of molecule
showed distinct local HX patterns, suggesting aCgn transformed
its local structure differently during the aggregation process.
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FIGURE 3: FT-IR spectra of aCgn native monomer (A) and aggregates (B). The filled squares are experimental data. The solid line is the curve
derived from multiple Gaussian peak fitting, and the dotted lines represent the deconvoluted contributions from S-sheet, random coil, a-helix,

[-turn, and S-sheet (peak from left to right).
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FIGURE 5: Mass spectra of peptide 14—34 representing the group of
reporter peptides with increased deuterium labeling upon thermally
induced aggregation. The solid curve represents labeling in the native
monomer, and the dotted curve represents labeling in the aggregates.
The vertical dotted line represents the maximum centroid mass from
the fully labeled control. This reporter peptide has a charge state of
+2. Thisallows the isotope distribution to be resolved, resulting in the
multiple peaks observed.

Based on the observed changes in local deuterium labeling
(relative to folded monomer), the 21 reporter peptides were
categorized into three groups: more solvent exposed, less solvent
exposed, and bimodal.

Figure 5 shows the HX mass spectra of representative reporter
peptide 14—34 from the first group. This reporter peptide
behaved very similarly to intact aCgn, exhibiting an increased
degree of deuterium labeling in the aggregated state compared to
the native state. After 10 min, the labeling of reporter peptide
14—34 in the aggregates was already close to that of the fully
unfolded control. The highly increased deuterium labeling sug-
gested that region 14—34 of aCgn molecule became completely

Pep 106-114

—— Monomer
--------- Aggregate

Relative Intensity
3

94’10
m/z

FIGURE 6: Mass spectra of reporter peptide 106—114 representing
the group of reporter peptides with decreased deuterium labeling
upon thermal induced aggregation. The solid curve represents label-
ing observed in native monomer, and the dotted curve represents
labeling observed in aggregates. The vertical dotted line represents
the maximum centroid mass from fully labeled control. This reporter
peptide has a charge state of 4-1. This allows the isotope distribution
to be resolved, resulting in the multiple peaks observed.

solvent exposed in the aggregate. In total, 10 reporter peptides
were identified that all had HX behavior similar to that of peptide
14—34, and these reporter peptides constituted approximately
50% of the covered aCgn sequence (see Figure §).

Conversely, the second group of reporter peptides, which
included three peptides 39—46, 51—64, and 106—114, all showed
significantly less deuterium labeling in the aggregates relative to
native monomer. Results for the representative reporter peptide
106—114 are shown in Figure 6. Native monomer incorporated
deuterium into this reporter peptide continuously through
600 min, while the aggregates became extremely protected from
deuterium labeling in the same region to the degree that no
apparent mass increase was observed over time. Such a marked
reduction in solvent accessibility associated with aCgn aggregates
is perhaps surprising. Normally, hydrogen exchange experiments
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FIGURE 7: Mass spectra of peptide 147—180 representing the group of reporter peptides with bimodal HX distribution in thermally induced
aggregates. The solid curve represents the labeling observed in native monomer, and the dotted curve was obtained from aggregates. The vertical
dotted line represents the maximum centroid mass from the fully labeled control.

exploit the fact that the native state is more solvent protected than
partially or completely unfolded states of interest. This allows
unfolding rates or unfolding free energies to be determined under
EX1 or EX2 isotope exchange kinetic regimes, respectively (57).
However, exceptions to this behavior include proteins that
become more ordered upon ligand binding (58) or proteins that
form amyloid (34, 38). Since aCgn aggregates were shown to have
the characteristic properties of amyloid fibrils by TEM, Congo
red binding, and X-ray diffraction as described above, the
existence of this second group of highly protected peptides
suggests that they may adopt extended [-sheet conformation
typical for amyloids.

Notably, a third large group of reporter peptides was observed
in which HX exhibited a bimodal labeling distribution for aCgn
aggregates. As a representative, the mass spectra of reporter
peptide 147—180 are shown in Figure 7. In contrast to native
monomer which effectively has a single peak that shifts mass
position over the labeling time, the reporter peptide from aCgn
aggregates shows two resolved mass peaks. The high mass peak
was fully deuterated within 10 min, while the low mass peak was
partially labeled and gradually incorporated more deuterium
with increased labeling time. The bimodal HX distribution
indicates two molecule conformations with different local solvent
accessibility are present in aCgn aggregates. In total, 8 reporter
peptides exhibited this bimodal behavior, with 5 of them over-
lapping within region 65—102. Bimodal HX distributions have
been previously reported at the peptide level for other amyloid
fibrils such as a-synuclein (34).

Figure 8 presents all of the three groups of reporter peptides
highlighted below aCgn sequence (Figure 8A) and on crystal
structure (Figure 8B). Together, they show a map of aCgn local
structural changes in the thermally induced aggregation process.
Red bars and ribbons in panels A and B show the first group of
reporter peptides with increased local solvent accessibility upon
aggregation, blue for the group with decreased solvent accessi-
bility, and yellow for group with bimodal HX distribution.

The secondary structure of the aCgn native state (59) is also
indicated in Figure 8A with a straight line (coiled structure),
arrow (f-strand), and cylinder (a-helix) above the sequence. It is
interesting to note that the three reporter peptides (39—46,
51—64, and 106—114) exhibiting high solvent protection in
aggregates are all derived from f-strands from a buried S-sheet
in the native structure in Figure 8B. This indicates that native
p-sheet buried in aCgn monomer structure may rearrange into a
solvent-protected structure in amyloid formation. Three reporter
peptides exhibiting bimodal behavior (65—102, 160—180, and
229—245) show no correlation with native secondary structure,
but they are adjacent to the buried native f-sheet, almost
“sandwiching” it. The reporter peptides showing increased
solvent accessibility in aggregates (highlighted in red) are mainly
coiled-coil conformation in native aCgn (Figure §B).

The bimodal HX distribution observed in the set of reporter
peptides suggests that a mixture of two distinct molecule con-
formations with local solvent accessibility difference is present in
aCgn aggregates. There are at least two possibilities that could
lead to the observation of bimodal HX distributions in amyloid
aggregates. First, the thermally induced aCgn aggregate samples
might be a mixture of more than one type of aggregate, each
being made purely of one monomer conformation. The second
possibility is that there is only one aggregate species in the sample,
but the aggregates consist of monomers that have adopted one of
two distinct molecular conformations.

To help to distinguish these two possibilities, we extended the
thermal aggregation time at 65 °C from 2.5 min to 5 and 15 min.
According to previous studies (/6), the aggregation process after
2.5 min (four to five times the half-life of monomer loss) would be
dominated by aggregate—aggregate condensation due to the
depletion of monomer. Analysis of aggregate size and poly-
dispersity by DLS further confirmed this. As shown in Figure 9,
after 2.5 min, the monomer peak disappeared, and the aggregate
species increased both their size and polydispersity over incuba-
tion time.
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If the bimodal HX distribution arose from two types of aggre-
gate species made up of monomers in a different conformation,
converting one aggregate species to another (e.g., small oligomers
to larger condensed oligomers) by extending the aggregation time
would change the ratio of two mass peaks in the bimodal HX
distribution. HX analysis of three aggregate samples at different
aggregation times showed two distinct features. First, all of the 8
reporter peptides from three bimodal regions had an approxi-
mate 1:1 ratio bimodal distribution in mass spectra (representa-
tive peptide 147—180 shown in Figure 7). Second, this 1:1 ratio
was preserved when the aggregation time increased from 2.5 min
to 5 and 15 min for all of the three bimodal regions. This is shown
for reporter peptide 147—180 in Figure 9 and peptides 72—102
and 229—245 in Figure 10. These observations argue against the
conversion of one conformation into another. Rather, they are
more consistent with more than one molecular conformation

present in one aggregate species assembled at a stoichiometry of
approximately 1:1 in the aggregates. However, another possi-
bility consistent with the HX labeling observations is two different
kinds of aggregates, each made up of a different conformation, that
only self-associate and do not interconvert.

Prediction of Aggregation Hot Spots by Computational
Tools. A number of computational tools have been developed to
predict polypeptide sequences with high self-association propen-
sity (36, 37, 60—62). Though these predictive tools were devel-
oped based on different algorithms, consensus predictions from
their combined use may indicate the regions that are most likely
to self-associate as f-sheet and/or amyloid structures in aggre-
gates (“hot spots”). Figure 11 shows the residues within aCgn
predicted to have high propensity to self-associate by three
predictive tools (TANGO (36), PASTA (63), AGGRESCAN
(61)) that are accessible to the public as web-based servers.
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are the amyloid-forming segments suggested by peptide level HX
analysis.

The regions predicted to self-associate by at least two of the three
algorithms (“consensus hotspots”) include residues 40—44,
48—62, 206—216, and 231-238. For comparison, the three
segments (39—46, 51—64, and 106—114) suggested to be involved
in the formation of 5-sheet fibril core by peptide level HX are also
highlighted in Figure 11. It can be seen that two out of three
amyloid-forming segments identified by HX analysis were pre-
dicted as consensus aggregation hot spots, though two false
positives were also predicted.

DISCUSSION

Nonnative protein aggregation is critical to a number of
protein deposition diseases (4) and also the formulation of
therapeutic proteins (64, 65). A common strategy to increase
protein stability against aggregation is to use a pH below
the p/ and low ionic strength, in order to enhance the repul-
sive interactions between protein molecules (24, 25). Despite
these repulsive interactions, proteins under such conditions are
capable of forming large aggregates (3, 26, 28). Unfortunately,
the structures of such complex aggregates are difficult to study
and are poorly understood.
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A major goal of this present study was to characterize the
structural features of nonnative aggregates from model protein
aCgn and determine if they possess amyloid characteristics. To
achieve this goal, Congo red binding and X-ray diffraction were
first performed. The results shown in Figure 2B,C clearly
demonstrated the presence of amyloid structure in aCgn aggre-
gates by substantially increased Congo red binding and X-ray
diffraction cross-f patterns typical of amyloids. In addition, the
presence of strong IR absorption at 1627 cm™' and weak
absorption at 1690 cm ™' in FT-IR spectra of both native
monomer and thermally induced aggregates (Figure 3) sug-
gested that antiparallel f-stand orientations are present in
both states. For native monomer, the contribution of anti-
parallel f-stand orientation agrees with the aCgn crystal
structure shown in Figure §B.

Global HX analysis of the monomeric and aggregated states in
Figure 4 suggested that aCgn monomers within aggregates were
substantially unfolded, consistent with increased Trp exposure
upon aggregation in an independent fluorescence analysis
described previously (66). The increased solvent exposure is not
unexpected, given that a temperature above the protein melting
temperature was used to drive the aggregation process in this
study. However, such an increased solvent accessibility upon
aCgn amyloid formation is in contrast to many other amyloid-
forming cases which showed significantly reduced global solvent
accessibility such as for amyloid-3 (67), a-synuclein (34), insu-
lin (68), and f2-microglobulin (35). Thus, in contrast to these
proteins, only a small fraction of the aCgn sequence (three blue
segments and possible uncovered sequence shown in Figure 8)
can possibly participate in the solvent-protected amyloid core in
the aggregates.

Peptide level HX analysis provided additional details about
local structural reorganization occurring during aCgn amyloid
aggregation. First, as shown in Figure 8B, global structural
unfolding was observed in the aggregates. This is consistent with
the high incubation temperature of 65 °C, which is about 5—6 °C
above the melting temperature (39). Second, despite the strongly
destabilizing conditions, the three segments (39—46, 51—64, and
106—114) which adopt native f-sheet in monomeric state
appeared to form extended f-sheets in the aggregated state. It
is noteworthy other proteins have been shown to reorganize
native 3-sheets into cross- amyloid (35, 69, 70). This may imply
native -strands could play a role in the formation of amyloid
fibrils for 5-sheet-rich proteins. However, it should be noted that
native f-sheet structure is certainly not required for amyloid
formation of a-helical-rich proteins such as insulin (/2) and
muscle myoglobin (J).

The amyloid-forming segments identified by HX showed some
agreement with aggregation hot spot predictions by combined
use of multiple predictive tools, providing new evidence of their
potential applications to general globular proteins. Unfortu-
nately, because each algorithm is based on its own model and
assumptions regarding what the important factors are for
aggregation propensity, and none of the available calculators
are derived from a common set of physical laws or principles,
there currently appears to be no way to conclusively determine
why one algorithm performs better than another.

In addition, three bimodal regions were identified in aCgn
aggregates. Similar results of bimodal HX distribution have also
been observed for a-synuclein in formed amyloid fibrils and were
believed to arise from heterogeneous molecule assembly in the
aggregates (34). In the present study, a more thorough analysis of



Article

Table 1: Number of Hydrogens Remaining Protected from Exchange
Calculated for Highly Protected Reporter Peptides, 39—46, 51—64, and
106—114, and Three Bimodal Reporter Peptides, 65—97, 147—180, and
229-245

protected protected
peptide group peptide hydrogens” hydrogens”
protected 39-46 5.3 N/A
51-64 11.6 N/A
106—114 6.0 N/A
bimodal 65-97 15.6 0
147—-180 16.2 0
229—245 5.7 0
intact aCgn 1-245 51.7 N/A

“The number of hydrogens remaining protected from exchange for
protected and bimodal peptides and intact aCgn. In the case of bimodal
peptides, the values are for the less labeled peak in Figure 7. *The number
of hydrogens remaining protected from exchange for the more labeled peak
of bimodal peptides in Figure 7. Because this peak coincides with the fully
labeled control, the number of protected hydrogens is zero.

the bimodal regions was possible and could provide more struc-
tural information about these regions. It is interesting to note that
peptide level HX analysis of aCgn aggregates suggested three
bimodal regions that covered about one-third of the sequence
(Figure 8). In contrast, intact HX mass spectra in Figure 4 lack a
second mass peak at any labeling time. This discrepancy can be
resolved by a quantitative analysis of deuterium incorporation
into both intact molecule and reporter peptides. Intact aCgn
molecule could reach a maximum deuterium labeling of 78%
after 600 min; i.e., about 52 out of 235 exchangeable backbone
amide protons (245 residues minus 9 Pro and the first N-terminal
residue) were highly protected from deuterium labeling. At the
peptide level, protected amide protons were calculated for the
highly protected (39—46, 51—64, and 106—114) and bimodal
(65—97, 147—180, and 229—245) reporter peptides. Values are
shown in Table 1. If it is assumed that all three bimodal regions
have solvent-protected structure in one molecule conformation
and solvent-unprotected structure in the other, then the mass
difference for these two conformations would be (15.6 + 16.2 +
5.7)/(+14 charge state) = 2.7, large enough to be resolved into
two peaks for intact aCgn mass spectra in Figure 4A. Further, the
total protected amide protons for the protected molecule con-
formation from the highly protected and bimodal regions would
be (5.3 + 11.6 4 6.0) + (15.6 + 16.2 + 5.7) = 60.4. This value is
significantly larger than 51.7 calculated from intact molecule
analysis. The quantitative analysis suggests that no single
molecular conformation contains all of the three bimodal regions
in protected conformation. In other words, one molecular
conformation must have solvent-protected structure in only
one or two bimodal regions and unprotected structure in the
other bimodal regions.

The aggregate structural information from different measure-
ments was combined to create a hypothetical molecular model for
aCgn amyloid aggregates (see Supporting Information for the
details of model construction). Available structural constraints
based on the experimental data include the following: (1) aCgn
aggregates contain extended f-sheets as judged from the X-ray
cross-f pattern; (2) HX-protected reporter peptides 39—46,
51—64, and 106—114 are strong candidates for participation in
the formation of extended [-sheet core of the fibrils; (3) these
extended f-sheets may be in antiparallel orientation as inferred
by FT-IR; (4) to account for the HX bimodal segments (residues
65—102, 160—180, 229—245), two distinct conformations of aCgn
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Cross-p spine

FIGURE 12: Structural model representing the hypothesized average
backbone arrangement of aCgn molecules in amyloid aggregates.
Three solvent-protected segments (coded blue) are arranged in anti-
parallel 5-sheets forming amyloid spine. The segments with bimodal
HDX are illustrated in two different conformations labeled as
molecule A (red) and molecule B (purple) which stack along the
fibril axisin an alternating mode, with yellow and orange highlighting
their local structural difference in three bimodal regions. Green sticks
represent the five disulfide bonds in aCgn molecule.

molecules are assembled in the amyloid aggregates at approxi-
mately 1:1 stoichiometry; (5) each conformation has solvent-
protected structure in one or two bimodal regions and unprotected
structure in the other bimodal regions; (6) the aCgn aggregates are
formed under oxidizing conditions, and all disulfide bonds remain
preserved in the aggregated state.

Using the above constraints, a molecular structural model of
aCgn aggregates was built and is illustrated in Figure 12. In this
structural model, the backbone of the fibrils is formed by three
highly solvent-protected segments 39—46, 51—64, and 106—114
(colored blue) assembled in antiparallel S-sheets. In particular,
fB-sheets formed of segments 51—64 and 106—114 were modeled
with 4.6 A strand to strand distance and 9.5 A sheet to sheet
distance to match the observed reflections in the X-ray diffraction
pattern shown in Figure 2C. Segment 39—46 is cross-linked to
segment 51—64 by disulfide bond Cys42—Cys58 which places
these at distance not larger than 7.0 A. However, in the X-ray
diffraction pattern, there is no reflection close to 7.0 A. Thus
segments 39—46 were modeled as variable in distance with respect
to the middle sheet formed by segment 51—64.

As discussed in the Results, the bimodal hydrogen exchange
observations could be consistent with either one type of aggregate
built from two building block conformations or, alternatively,
two types of aggregates each built from a different building block
conformation. The amyloid core of the aggregate depicted in
Figure 12 would be the same for both possibilities as described
above. The three bimodal regions may adopt multiple possible
arrangements of protected and unprotected regions in specific
conformations. Thermally induced aCgn aggregates could be
either dominated by one particular combination or comprised of
a statistical distribution of all possible combinations. No experi-
mental evidence was available in this study to distinguish these
two cases. For illustration purposes in Figure 12, a specific con-
figuration is shown in which the two bimodal regions, 160—180
and 229—245, have protected structure (coded yellow) in mole-
cule A and unprotected structure (coded orange) in molecule B.
The other bimodal region, 65—102, has unprotected structure
(coded orange) in molecule A and protected structure (coded
yellow) in molecule B. The model in Figure 12 includes an
alternating set of monomers along the fibril axis with distinct
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conformations of molecules A and B. Furthermore, because
amyloid formation of aCgn was carried under oxidizing condi-
tions, in accordance all five disulfide bonds (highlighted in green
stick) were preserved in the model of aCgn aggregates. Four of
the five disulfide bonds lie outside of the fibril core, and cross-link
into a bulky bundle with dimensions larger than the 9.2 A
(4.6 A x 2) repeat of the antiparallel -strands. Thus, to fit the
residues outside of the fibril core, the region 122 to C-terminus
was slightly rotated and translated for both molecules A and B in
Figure 12. The resulting molecules are labeled A’ and B'.

Solvent-exposed regions in aCgn aggregates identified by HX
are colored red in molecules A and A’ and purple in molecules B
and B in Figure 12. Five Trp residues out of eight in total are
located in these solvent-exposed regions in the created structure
model in contrast to three in aCgn native monomer (data not
shown). Therefore, the model would indicate that two additional
Trp residues become solvent exposed upon the formation of aCgn
aggregates. This agrees well with Trp fluorescence analysis of aCgn
native monomer and thermally induced aggregates in a previous
study which suggested that 40—60% of the buried Trp in native
monomer were exposed upon formation of the aggregates (66).

It has been shown that amyloid fibrils may exhibit a variety of
morphologies as a result of different aggregation conditions. For
instance, §,-microglobulin has been shown to form three types of
amyloid fibrils including semiflexible, long rigid, and short rod-
like fibrils under three aggregation conditions (57, 52). In our
case, the thermally induced aCgn aggregation led to semiflexible
rather than long rigid fibrils (46). The structural model in
Figure 12 may provide a possible explanation for the semiflexible
morphology. The extended S-sheets formed by three short
segments would provide the strong, spatially specific interactions
to promote a rigid rod-like morphology. However, the presence
of significant disordered regions, as well as constraints of disulfide
bonds, outside the spine may introduce larger steric barriers that
would prevent long-range order in such structures, resulting in the
semiflexible morphology. Unfortunately, direct comparison
of aCgn molecular structure in two types of fibril morphology was
not possible in the present study because long rigid aCgn amyloid
fibrils have not been observed. However, it has been suggested in
the cases of ff,-microglobulin (42) and amyloid-f protein (77) that
the involvement of more residues into the amyloid core structure
(thus less disordered regions in the fibrils) would lead to the
formation of long fibrils with rigid morphology.

In summary, with X-ray fibril diffraction and Congo red
binding, we demonstrated that the thermally induced aCgn
aggregation at low pH and low ionic strength led to nonnative
aggregates with amyloid structure. Using peptide level HX, we
were able to show that a small fraction of the polypeptide
sequence was involved in the amyloid core and sufficient to
result in amyloid structure. The extensive amount of disordered
sequence may also explain the resulting semiflexible chain
morphology observed. The amyloid-forming segments identified
by HX showed some agreement with aggregation hot spot
predictions by combined use of multiple predictive tools, provid-
ing new evidence of their potential applications to general
globular proteins.
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