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• Aggregation of chymotrypsinogen re-
sults in amyloid polymers at acidic pH.

• Removal of the C191-C220 disulfide does
not change the measurable secondary or
tertiary structure by CD or fluorescence.

• Removing the C191-C220 disulfide
lowers the nucleation barrier, and shifts
the nucleus size from an oligomer to a
monomer.
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Proper disulfide formation can be essential for the conformational stability of natively folded proteins. For pro-
teins that must unfold in order to aggregate, disruption of native disulfides may therefore promote aggregation.
This study characterizes differences in the aggregation process for wild-type (WT) α-chymostrypsinogen A
(aCgn) and the same molecule with one of its native disulfides (C191-C220) reduced to free thiols (aCgnSH) at
acidic pH,whereWT aCgn forms semi-flexible amyloid polymers. Loss of the disulfide leads to no discernable dif-
ferences in foldedmonomer secondary or tertiary structure based on circular dichroism (CD) or intrinsic fluores-
cence (FL), and causes a small decrease in the free energy change upon unfolding. After unfolding-mediated
aggregation, the resulting amyloid morphology and structure are similar or indistinguishable for aCgn and
aCgnSH by CD, FL, ThT binding, multi-angle laser light scattering, and transmission electron microscopy. Aggre-
gates of aCgn and aCgnSHare also able to cross-seedwithmonomers of the other species. However, aggregates of
aCgnSH aremore resistive than aCgn aggregates to urea-mediated dissociation, suggesting some degree of struc-
tural differences in the aggregated species that was not resolvable in detail without higher resolution methods.
Mechanistic analyses of aggregation kinetics indicate that the initiation or nucleation of new aggregates from
aCgnSH involves a mono-molecular rate limiting step, possibly the unfolding step. In contrast, that for aCgn
involves an oligomeric intermediate, suggesting native disulfide linkages help to hinder non-native protein
aggregation by providing conformational barriers to key nucleation event(s).
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1. Introduction

For natively folded proteins, nonnative aggregation denotes the
process by which protein monomers assemble into soluble or insoluble
aggregates in which the constituent monomers have lost a significant
degree of native tertiary and/or secondary structure. The constituent
monomers are joined together via covalent or non-covalent interac-
tions, and are often enriched in intra- or inter-molecular β-sheet —
with amyloid aggregates as a familiar example [1–5]. The early stages
of nonnative aggregation typically involve monomers in partially or
fully unfolded states, and therefore protein conformational stability
(i.e., unfolding free energy, ΔGunf) often influences overall rates of
monomer loss if aggregation is slow compared to folding-unfolding
kinetics. This follows because the rate-limiting step(s) for aggregation
are “downstream” from unfolding, and therefore the thermodynamics
of unfolding, rather than unfolding kinetics, control the concentration
or population of “reactive” partially or fully unfolded monomers that
are available to nucleate new aggregates or add to existing aggregates
[2,5].

The control and prevention of nonnative aggregation remains an
ongoing challenge in the biopharmaceutical industry due to concerns
ranging from pharmaceutical elegance to efficacy and safety [5–9]. Like-
wise, a number of debilitating diseases have been linked to nonnative
aggregation [4,10,11]. In some cases, chemical changes in themonomer
structure due to oxidation or deamidation are thought to promote
subsequent aggregation [12,13], but in general there remain outstand-
ing questions regarding the mechanism(s) of, and possible strategies
to control this process [13].

Changes in disulfide patterns in folded proteins, and/or cleavage of
native disulfides are a concern during recombinant protein refolding,
as well as upon long-term storage of protein pharmaceuticals [4]. Loss
of native disulfides may be anticipated to result in lower values for the
free energy of unfolding (ΔGunf), but it is not clear, in general, whether
this will translate to changes in aggregation rate(s) and/ormechanisms.
In this context, one approach to influence nonnative aggregation rates is
to alter the protein primary sequence via site-directed mutagenesis so
as to changeΔGunf [14,15]. For some amyloidogenic proteins, mutations
that lead to increased/decreased conformational stability result in
lower/higher rates of aggregation [16], in keeping with the qualitative
arguments above.

The present study focuses on α-chymotrypsinogen A (aCgn) as a
model system to assess the effects on aggregation rates and mecha-
nism(s) due to the loss of a single native disulfide bond. aCgn is a native-
ly monomeric, 25.7 kDa protein that readily forms soluble, amyloid
polymers at elevated temperatures under acidic conditions at low
ionic strength [17–20]. Wild-type aCgn has five native disulfide bonds
(between residues 1-122, 42-58, 136-201, 168-182, and 191-220) and
no free cysteines. It unfolds reversibly to amolten-globule state if aggre-
gation can be suppressed by working at low protein concentration
[19,20]. Aggregate formation for aCgn proceeds primarily through an
oligomeric nucleus with growth dominated by monomer addition so
long as one avoids higher pH and salt conditions where aggregate–
aggregate condensation is kinetically relevant [18–21]. Aggregation
rates of aCgn are strongly correlated with the unfolding free energy
[19,21]. Therefore, as a basis of the present work, it was hypothesized
that removal of one or more native disulfide bonds may not only signif-
icantly accelerate aggregation rates by reducing ΔGunf, but also might
alter the aggregate mechanism itself if it altered the nature of the nuclei
and/or resulting structure of the aggregates.

In this report, a number of experimental techniques were used to
study the effects of removing a native disulfide bond on the aggregate
structure/morphology, the kinetics and oligomerization state of inter-
mediates in the aggregation pathway, and the unfolding thermodynam-
ics of aCgn. Hydrogen-deuterium exchange with mass spectrometry
(HDX-MS) was used to identify the location of the reduced disulfide
bond and to confirm that, on average, only a single reduced S\S bond
existed. Multi-angle light scattering (MALS), transmission electron
microscopy (TEM), fiber X-ray diffraction, and ThT binding were used
to characterize aggregate morphology and amyloid structure. Circular
dichroism (CD) spectroscopy and intrinsic fluorescence were used to
compare secondary and tertiary structure, respectively, of native and
chemically-unfolded monomers, and of aggregated aCgn and aCgnSH.
Equilibrium urea unfolding/refolding experiments provided a compari-
son of ΔGunf for monomeric aCgn and aCgnSH. Mechanistic analysis of
the kinetics of monomer loss and changes in aggregate molecular
weight, as a function of initial protein concentration (c0), were used to
infer differences and similarities in the nucleation and growth mecha-
nisms for aCgn and aCgnSH, similar to that done previously for aCgn
[17,19,22,23].

2. Materials and methods

aCgn (lyophilized powder, 5× crystallized, lot number 37J9779)
was purchased from Worthington Biochemical Corp. (Milford, MA)
and used without further purification. Tris(2-carboxyethyl)phos-
phine hydrochloride (TCEP), citric acid monohydrate, sodium hy-
droxide, sodium phosphate, and ethylenediaminetetraacetic acid
(EDTA) were purchased from Thermo Fisher Scientific (Waltham,
MA). 5-5′-dithiobis(2-nitrobenzoic acid) (DTNB) was purchased from
Sigma-Aldrich (St. Louis, MO). Ultra pure urea and thioflavine T (ThT)
were purchased fromMP Biomedicals, Inc. (Solon, OH). Distilled, deion-
izedwater fromaMillipore (Billerica,MA)Milli-Qfiltration systemwith
a Quantum EX ultrapure Organex cartridge was used in the preparation
of all buffers, protein solutions, andmobile phases. aCgn solutions were
prepared in 10 mM citrate buffer pH 3.5 as described previously [20].

2.1. Preparation of partially-reduced aCgn (aCgnSH)

10 mM citrate, 20 mM TCEP pH 3.5 buffer (reducing buffer) was
freshly prepared and refrigerated (4–8 °C) overnight (approximately
8 h). Lyophilized aCgn powder was added to an aliquot of cold reducing
buffer, resulting in a protein concentration of approximately 10 mg/mL
(398 μM). The resulting solutionwas then incubated under refrigerated
conditions for 2.5 h.

At the end of the incubation period the partially-reduced aCgn was
separated from the TCEP using an ÄKTA Explorer liquid chromatogra-
phy system equipped with a P-950 sample pump, UV-900 multi-
wavelength detector, and Frac-950 fraction collector (GE Healthcare,
Piscataway, NJ). A HiPrep 26/10 desalting column (GE Healthcare)
was equilibrated with 5 column volumes (~265 mL) of 10 mM citrate
pH 3.5 mobile phase before loading a 10 mL bolus of partially-reduced
aCgn solution at 9 mL/min using the P-950 sample pump. The sample
was eluted isocratically at 9 mL/min and an 8 mL protein fraction was
collected. Additional details are included in Supporting information.

Ellman's assaywasused todetermine the number of reduceddisulfide
bonds in the resulting partially-reduced aCgn sample [24–26]. Partially
reduced aCgn solution (nominally 40–60 mg) was combined with 2.8 g
of 100 mM sodium phosphate, 1 mM EDTA pH 7.3 buffer in a 1 × 1 cm
cuvette (Hellma USA, Plainview, NY). The resulting solution was equili-
brated at 20.0 ± 0.1 °C in a TLC 40 single cell holder with a TLC 125
Peltier controller (QuantumNorthwest, Liberty Lake,WA) for 10 min be-
fore measuring the absorbance at 280 nm with an Agilent Technologies
(Santa Clara, CA) 8453 spectrophotometer and converting to concentra-
tion using a molar extinction coefficient of 5.14 × 104 M-1 cm-1 [27].
The concentration of free thiol groups was then determined by adding
150 μL of a solution containing 3 mMDTNB, 100 mM sodiumphosphate,
1 mM EDTA pH 7.3 to the cuvette, recording the absorbance at 412 nm,
and converting to concentration using a molar extinction coefficient of
1.415 × 104 M-1 cm-1 [25]. The number of reduced disulfide bonds
was calculated as the average of threemeasurements. Additional details
are included in Supporting information.
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2.2. Mass spectrometry for reduced disulfide bond identification and
isotope exchange

The reduced disulfide bond in aCgnSH was identified by means of
chemicalmodification coupledwithMS/MSmass spectrometry. Partially
reduced aCgn (50 μL) was first mixed with the same volume of 50 mM
Tris buffer to adjust the solution pH to 8. Free thiol carboxyamidation
was performed by adding 10 μL 200 mM iodoacetamide stock solution,
followed by reaction for 45 min in the dark. The modified aCgnSH was
subjected to trypsin digestion at 37 °C for 6 h at a substrate:enzyme
ratio of 10:1. The enzymatic digestion was quenched by a pH shift
to 2.7 using 50% (v/v) acetic acid solution. The fully digested aCgnSH
was finally treated with 100 mM TCEP for 2 min to reduce all the
other disulfide bonds before injecting to an ESI mass spectrometer
(Thermo Finnigan LTQ, Thermo Electron Corporation, San Jose, CA) for
the MS/MS peptide sequencing identification. Additional details are
provided in Supporting information.

2.3. Size exclusion chromatography with inline multi-angle laser light
scattering (SEC-MALS)

Analytical size exclusion chromatography was performed, andmono-
mer concentrations quantified, with a Waters (Milford, MA) Alliance
2695 separations module with a 2996 photodiode array detector (DAD)
and Protein-Pak 7.8 × 300 mm size exclusion chromatography column,
as described previously [20]. Fractionated samples were routed to a
DAWNHELEOS IImulti-angle light scattering detector (Wyatt Technology
Co., Santa Clara, CA) and then to a Optilab rEX (Wyatt) differential refrac-
tive index (RI) detector. The MALS unit was equipped with 16 detectors
between 32° and 147°. Raw data signals from the DAD, MALS, and RI
detector were processed using Astra V® software (Wyatt).

Analysis of static light scattering data from SEC-MALS is described in
detail elsewhere [17]. Briefly, weight-average molecular weight (Mw)
and radius of gyration (Rg) were determined from the Zimm equation,
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where K is the optical constant, c is the mass concentration of protein,
Rex is the excess Rayleigh ratio, q is the magnitude of the scattering
vector, and B22 is the second osmotic virial coefficient. In all cases
reported here, the concentration of protein is sufficiently low and the
magnitude of B22 sufficiently small that the term 2B22c can be neglected
[17].

Eq. (1) was applied to light scattering data averaged over small
“slices” of the chromatographic peak. The weight-average molecular
weight (Mw), and radius of gyration (Rg) for the peak were then calcu-
lated as [17,28]
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where ci,Mi, and Rg,i
2 are the values for the ith slice and where the sum-

mation runs from1 to i*, the total number of slices. The value ofMw from
this procedure is formally identical to the value from traditional batch
light scattering, provided there is not significant loss of protein mass
due to adsorption to the column [17,28]. Total chromatogram areas
were monitored to assure negligible adsorption to the column for all
reported results.
2.4. Circular dichroism (CD)

Equilibrium, isothermal far-UV circular dichroism measurements
were performed using a Jasco (Easton, MD) J-810 spectropolarimeter
and a Jasco PTC-424S Peltier temperature controller at 20 °C ± 0.2 °C.
Spectra were recorded from 260 to 200 nm for aggregated samples
(protein mass fraction as aggregate = 0.95 ± 0.02) and native
monomeric samples in the absence of urea, and from 260 to 215 nm
for monomeric samples containing 6 M urea. In all cases, spectra were
recorded at a scanning rate of 50 nm/min at a total protein concentra-
tion of 0.2 mg/mL in a 1 × 0 mm Hellma (Plainview, NY) quartz
cuvette. Twelve spectra were recorded and averaged prior to sub-
traction of a buffer baseline. The mean residue ellipticity ([θ] [=]
deg cm2 dmol-1) was calculated as [θ] = θM0 / 10c0dnr where θ is
the average ellipticity in mdeg, M0 is the molecular weight of the
protein monomer in g/mol, c0 is the mass concentration of the
protein in mg/mL, d is the path length of the cuvette in cm, and nr

is the number of amino acid residues in the monomer.

2.5. Electron microscopy

Negatively stained specimens for transmission electron microscopy
(TEM) were prepared by applying 5 μL 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 JEM1200-EX (JOEL)
microscope.

2.6. Intrinsic fluorescence

Intrinsic fluorescence measurements were performed with a PC1
spectrofluorimeter (ISS, Champaign, IL) equipped with a TURRET 400
4-position sample holder and TC 125 Peltier temperature controller
(Quantum Northwest). The excitation wavelength was 280 nm and
emission intensities were recorded from 300 to 450 nm in 1 nm incre-
ments. Three spectra were recorded and averaged prior to subtraction
of the buffer baseline. Excitation and emission slit widths were 1 and
2 nm, respectively. Excitation and emission polarization angles were
90° and 0°, respectively. All samples were contained in 3 × 10 mm
quartz cuvettes (Hellma).

Spectra were recorded for native monomer in the absence of urea,
unfoldedmonomer in 6 M urea, and aggregated samples (mass fraction
of aggregate = 0.95 ± 0.02 by SEC) of aCgn and aCgnSH, respectively,
at a protein concentration of 0.2 mg/mL.

2.7. Chemical unfolding/refolding

Chemical unfolding/refolding measurements were carried out at 20
and 30 °C ± 0.2 °C. Unfolding sampleswere prepared by gravimetrical-
ly combining aCgnSH stock solution (nominally 9.3 mg/mL in 10 mM
citrate pH 3.5 buffer), urea stock solution (8.5 M urea, 10 mM citrate
pH 3.5) and citrate buffer (10 mM citrate pH 3.5) to yield samples
containing 0–6 M urea and 0.2 mg/mL aCgnSH. Urea molarity was
calculated based onmeasuredmolality and literature values for solution
density as a function of urea concentration [29]. Refolding sampleswere
prepared by gravimetrically combining aCgnSH stock solutionwith urea
stock solution to yield starting samples in 6 M urea. This solution was
then equilibrated at the temperature of interest for 20 min before
being combined with urea stock solution and citrate buffer by mass to
yield samples containing 0.5–6 M urea and 0.2 mg/mL aCgnSH. Appro-
priate equilibration times were determined by collecting emission
spectra as a function of time for selected unfolding and refolding
samples spanning the range of temperatures and urea concentrations
(20–180 min, data not shown). After equilibration, 3 successive
emission spectra were recorded and averaged prior to subtraction of
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corresponding buffer spectra. Spectral center-of-mass (COM) was
calculated as described previously [19].

2.8. Aggregation kinetics and analysis of mechanisms

Nonnative aggregation kinetics for aCgnSH were accelerated by
incubating monomeric protein solutions at elevated temperature
(T ≥ 50 °C). Size exclusion chromatography was used to monitor
monomer concentration as a function of time. Representative chro-
matograms are shown in Supporting information. All detectable aggre-
gates co-eluted in the void volume, andwere baseline resolved from the
monomer, consistent with results reported earlier for the unreduced
molecule [17–20]. Isothermal monomer loss kinetics were measured
at 50 °C for a range of initial monomer concentrations (c0), and at
c0 = 1.2 mg mL-1 for a series of different temperatures. The kinetics
ofmonomer loss, when combinedwith the analysis of aggregatemolec-
ular weights, provide a means to assess qualitative and quantitative
aspects of the aggregation mechanism using the procedure described
below and used previously with aCgn [18,20].

The resulting kinetic traces were each fit using a nonlinear least
squares algorithm implemented in MATLAB® (Natworks). Monomer
loss versus time was fit to the equation, dm/dt = −kobsm

ν, where m is
the fractional monomer concentration, defined as the concentration of
monomer (c) divided by its initial value (c0); t is the incubation time;
kobs is the observed or effective rate coefficient in units of inverse
time; and ν is an apparent reaction order that was permitted to take
non-integer values for the purpose of fitting and interpolating m(t)
data [20]. For scaling purposes, the kinetic half-life (t50) was defined
as the time at which the monomer concentration decayed to half
of its initial value (m(t50) = 0.5). Values of t50 were calculated as
t50 = (2ν − 1 − 1)/[(ν − 1)kobs], with ν ≠ 1. The results below do
not change substantially if one instead simply interpolates the raw
m(t) data to identify t50 from m(t50) = 0.5.

The subsequent analysis based on the Lumry–EyringNucleated Poly-
merization (LENP) model [22] was used for comparison with previous
work with aCgn at the same solvent conditions [17–20]. The limiting
values of the aggregate Mw (i.e., extrapolated to m → 0) were
combined with the t50 values to infer the values for the characteristic
timescale (inverse rate coefficient) for initiation/nucleation of new
aggregates (τn) and the characteristic timescale for growth by mono-
mer addition (τg) — see also Results. These values follow from the
following relationships [20]

τn ¼ Mw=M0ð Þm→0k
−1
obs∼c

1−x
0 ð4aÞ

τg ¼ Mw=M0ð Þ−1
m→0k

−1
obs∼c

−δ
0 ð4bÞ

which hold when aggregate growth is predominantly via chain-
polymerization. In that case, Mw is linear in (1-m) once m is signifi-
cantly less than 1, and the value of the reduced weight-average mo-
lecular weight (Mw/M0) in the limit of monomer fraction (m)
approaching zero scales with the initial protein concentration (c0) as
(Mw/M0)m → 0 ~ c0

(1 + δ − x)/2, where δ is the number of monomers need-
ed fromakinetic standpoint for each growth step, x is the stoichiometry of
the nucleus, andM0 is the monomer molecular weight [22]. This analysis
gives the number of proteins (x) involved in the rate-limiting step for
nucleation, and the number of monomers (δ) per growth step. For refer-
ence, these values are x = 3–4 and δ = 1 for aCgn under the same
solvent conditions in previous work [18–20].

3. Results

A recombinant form of aCgn is not presently available; therefore,
disulfide reduction was accomplished chemically. Based on preliminary
studies it was determined that the singly-reduced molecule (aCgnSH)
could be isolated as a stable monomer at ambient or colder conditions;
however, reduction of additional disulfides resulted in spontaneous
creation of aggregates that were not recoverable as monomers. The
results in Supplementary Material show that aCgnSH has an average
of two free cysteines, indicating a single disulfide is reduced per
monomer.

Isolating an initially monomeric product was necessary to enable an
unambiguous interpretation of experimental structural, dynamic, and
thermodynamic information for comparisonwith thewild-type system.
In studies of this type free thiols are often chemically modified or
capped to negate the possibility of disulfide shuffling or the formation
of intermolecular disulfide bonds. At low pH, however, the intrinsic
reactivity of free thiols is low [30,31] and chemical modifications can
complicate the interpretation of thermodynamic data. For example,
one report noted ~2 kcal mol-1 difference in measured values for the
free energy of unfolding based on the choice of capping reagent [32].
For these reasons, and the fact that available data for comparison with
aCgn are at pH 3.5, the free thiols were left unmodified.

3.1. Identification of the reduced disulfide bond in aCgnSH

The reduced disulfide bond in aCgnSH was identified by carboxy-
amidating the free thiols, followed by MS/MS peptide sequencing.
Intact, carboxyamidated aCgnwas first analyzed to determine the num-
ber of chemical modifications (i.e. the free thiol number). Fig. S1A (in
Supporting information) shows the mass spectra of aCgn before and
after modification with a charge distribution. The mass increase calcu-
lated from the +14 charge state (the inset) was 114.6 Da. Because
carboxyamidation at one free thiol will increase the molecule weight
by 57 Da, the observed mass shift for intact aCgn molecule indicated
two free thiols were present in the aCgnSH species here, derived from
one broken disulfide bond.

To identify the reduced disulfide bond, aCgnSH was digested with
trypsin. A series of polypeptides containing Cys were assigned and ex-
amined for carboxyamidation modification of free thiols. The resulting
mass spectra indicate the reduction of disulfide bond C191-C220,
while the spectra from the other four native S\S containing peptides
did not indicate carboxyamidation (data not shown). In Fig. S1B
(Supporting information), the measured mass of assigned peptide
178–191 increased by 57 Da, the expected mass difference for one
thiol carboxyamidation. Peptide sequencing based on the MS/MS spec-
trum in Fig. S1C established the reduced Cys was Cys 191. Reduction of
C191-C220 is also consistent with other reports [33]. As noted below,
aggregates of aCgnSH were not reversible in concentrated urea or gua-
nidine HCl, and as such were not amenable to hydrogen-deuterium
exchange with MS methods for ascertaining differences between local
structure/exposure for aggregates of aCgn and aCgnSH.

3.2. Aggregation kinetics and LENP analysis

Fig. 1 shows m versus reduced time (t/t50) for aCgnSH at 50 °C for
values of c0 spanning nearly an order of magnitude from 0.6 to
4.0 mg/mL, and at c0 = 1.2 mg mL-1 for temperatures from 51 °C to
54 °C. The data for different c0 values at 50 °C (panel A) fall on a com-
mon curve within statistical uncertainty, as found previously for aCgn
[19]. Similar behavior is observed as a function of temperature with
fixed c0 = 1.2. Table S1 (Supplementary Material) summarizes the
numerical results of the nonlinear least squares fitting of the isothermal
monomer loss kinetics.

Fig. 2 shows Mw/M0 values for aCgnSH aggregates obtained from
SEC-MALS measurements versus extent of reaction (1 − m) for a
range of c0 values from 0.6 to 4.0 mg mL-1. The limiting (Mw/M0)m → 0

values for aCgnSH aggregates were calculated from a linear extrapola-
tion of the final five data points for a given c0 value, as shown in Fig. 2.
The linear relationship between values of Mw/M0 and 1 − m when
t ≥ t50 is an important experimental signature indicative of aggregate



Fig. 3. Rate diagram showing characteristic timescales (inverse rate coefficients) for aCgn
nucleation (●) and growth (■), reproduced from ref. [33], and for aCgnSH nucleation (○)
and growth (□) as a function of initial protein concentration. Error bars are 95% confi-
dence intervals, and are smaller than the size of the symbols when not visually apparent.

Fig. 1. Monomer fraction versus reduced time for aCgnSH at 50 °C for c0/[mg mL-1] =
0.6 (○), 0.8 (□), 1.0 (⋄), 1.5 (△), 2.1 (▽), 2.9 (◺), and 4.0 (◿), and for aCgnSH at
for c0/[mg mL-1] = 1.2 for T/°C = 51 (●), 52 (■), 53 (♦), and 54 (▲). Error bars are
smaller than the size of the symbols.
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growth by linear chain polymerization [17,22,23]. If aggregate–
aggregate condensation steps were kinetically important, Mw/M0

values would show a pronounced upward curvature when plotted
versus 1 − m, and continue to increase once the supply of mono-
mers had been exhausted [17,21,23,34]. Only linear growth was
observed for the conditions tested here for aCgnSH.

Fig. 3 shows the experimentally determined scaling behavior of τn
and τg for aCgn at 65 °C (reproduced from ref. [20]) and for aCgnSH at
50 °C, respectively, using the analysis described in Materials and
methods. The results for aCgn are consistent with a nucleus stoichiom-
etry of a mix of trimers and tetramers, and with growth via addition of
one monomer per chain polymerization step [18–20]. For aCgnSH, the
slope of the least squares fit for τg is -1.0 ± 0.1, while that for τn is
statistically indistinguishable from zero. Combining these values with
the scaling behaviors fromEqs. (4a)–(4b) indicate amonomeric nucleus
and growth by the addition of monomers for aCgnSH.

That is, growth occurs via a bimolecular process, combining an
existing aggregate with a monomer, and therefore the characteristic
Fig. 2. Reduced aggregate weight-average molecular weight versus aggregate fraction for
aCgnSH c0/[mg mL-1] = 0.6 (○), 0.8 (■), 1.0 (⋄), 1.5 (▲), 2.1 (□), 2.9 (●), and 4.0 (△)
with incubation at 50 °C. Lines are the corresponding linear least-squares fits to the final
five data points for each initial protein concentration. Error bars are smaller than the
size of the symbols.
time scale (akin to a half life) for growth scales as c0 to the -1 power.
However, the characteristic time scale of nucleation is independent of
c0, and this indicates amonomolecular rate-limiting step. The difference
in incubation temperatures for the aCgn and aCgnSH measurements
was necessary to keep aggregation rates on experimentally tractable
time scales, and because incubation times for aCgn to aggregate
appreciably at lower temperatures were so long that chemical degra-
dation (hydrolysis/fragmentation, data not shown) became appar-
ent (see also Discussion).

3.3. Aggregate morphology

Values ofweight-averagemolecularweight (Mw) and radius of gyra-
tion (Rg) for aCgnSH aggregate populations corresponding to each of the
timepoints (t N 0) from Fig. 1were determined from SEC-MALS. Similar
monomer-loss kinetic profiles with corresponding Mw and Rg values
Fig. 4. Scaling of RgwithMw/M0 for aCgn at 65 °C for c0/[mg mL-1] = 0.8 ( ), and 1.2 ( ),
for aCgnSH at 50 °C for c0/[mg mL-1] = 0.6 (○), 0.8 (□), 1.0 (⋄), 1.5 (△), 2.1 (▽), 2.9 (◺),
and 4.0 (◿), and for aCgnSH at c0/[mg mL-1] = 1.2 for T/°C = 51 (●), 52 (■), 53 (♦), and
54 (▲). Solid black lines with slope equal to 1.0 and 0.5 are included as guides to the eye.
Error bars are smaller than the size of the symbols.
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were generated for aCgn with c0/[mg mL-1] = 0.8 and 1.2 at 65 °C.
Fig. 4 shows the scaling behavior of Rg with reduced weight-average
molecular weight (Mw/M0, with M0 denoting the molecular weight of
the monomer, 25.7 kDa) for both aCgn and aCgnSH aggregates. Linear
fits to the data on the log-log scale yielded slopes of 0.79 ± 0.01 and
0.69 ± 0.01 for aCgn and aCgnSH, respectively. Reported uncertainties
are 95% confidence intervals from the statistical uncertainties of the
regression. These results agree quantitatively with previous data for
aCgn aggregates determined from batch static light scattering [20],
and indicate the morphology of aggregates for aCgn and aCgnSH is
that of a semi-flexible, unbranched polymer. Representative TEM
images of aCgn and aCgnSH aggregates (Fig. 5) also show that the aggre-
gates are linear polymers, with no evidence of significant branching
or coalescence of the aggregates. The aggregates of aCgnSH are some-
what shorter than those for aCgn, but otherwise are very similar in
morphology.

3.4. Cross-seeding

Aggregates of aCgn were previously shown to act as seeds for
unaggregated aCgn monomer, in that addition of preformed aggregates
to monomeric aCgn caused large increases in the rate of monomer loss
at the elevated temperatures needed to populate molten globule aCgn
monomers [18]. Results summarized in the Supporting Material show
that aCgn aggregates can act as “seeds” for consuming aCgnmonomers,
Fig. 5. Electron micrographs of (A) aCgn aggregates from 65 deg. C for 1 h; (B) aCgnSH
aggregates from 50° C for 10 h; (C) cross-seeded aCgnSH monomers with aCgn aggre-
gates, with incubation at the same conditions as in panel B; (D) cross-seeding of aCgn
monomers with aCgnSH aggregates, with incubation at the same conditions as in panel
A; (E) aCgn aggregates from panel A after additional incubation under the conditions for
panel C; (F) aCgnSH aggregates from panel B after additional incubation at the conditions
of panel D. See also main text for additional details. Scale bars are 200 nm for each pane.
and vice versa. Illustrative TEM images of aggregates from seeding ex-
periments are shown in panels C through F of Fig. 5, and indicate no sig-
nificant change in morphology compared to aggregates that were
freshly formed from parent monomer solutions.

3.5. Circular dichroism and intrinsic fluorescence

The main panel of Fig. 6 shows the mean residue ellipticity ([θ]) at
20 °C as a function of wavelength for native monomer, unfoldedmono-
mer in 6 M urea, and aggregates for aCgn and aCgnSH, respectively.
Corresponding equilibrium intrinsic fluorescence spectra are shown in
the inset. In all cases, aCgn and aCgnSH spectra are statistically indistin-
guishable for each of the native, unfolded, and aggregate states. The
interference from urea precludes collection of accurate CD spectra
below approximately 220 nm for the unfolded states, which is a com-
mon limitation when considering protein CD spectra in the presence
of denaturing concentrations of urea [19,35]. For folded monomers,
the shape of the CD spectra are unusual, in that they do not show a
clear minimum ~212 nm for a purely beta-sheet protein, or the double
minima at ~208 nm and ~222 nm for a purely alpha-helical protein;
inspection of the X-ray crystal structure for aCgn indicates that it
contains relatively large regions of non-helix and non-sheet structure,
presumably held intact by the multiple disulfide bonds that persist in
both aCgn and aCgnSH [20].

Aggregate CD spectra indicate increased β-sheet secondary struc-
ture, and are distinct from both native and unfolded spectra. Aggregate
and unfolded fluorescence spectra are red-shifted relative to the native
state, with increased intensity. In all cases, measurements of aCgn
monomer and aggregate secondary and tertiary structure are consistent
with those reported earlier [19,20]. Further, extrinsic fluorescence spec-
tra from thioflavine T binding to nonnative aggregates of aCgn and
aCgnSH are essentially indistinguishable (see Supporting Information).

3.6. Urea unfolding/refolding

aCgnSH urea unfolding/refolding measurements were performed
and monitored with intrinsic fluorescence at 20 °C and 30 °C. Signifi-
cantly higher temperatures, approaching those in Fig. 1, were not prac-
tical because aCgnSH aggregates readily on the multi-hour time scales
of sample preparation for equilibrium or for stopped-flow unfolding/
refolding (data not shown), similar to the behavior of aCgn [19]. Fig. 7
shows representative unfolding/refolding COM-1 data for aCgnSH
Fig. 6. (main panel) CD spectra at 20 °C for native monomer, (N), unfolded monomer in
6 M urea, (U), and aggregate, (A), for aCgn (solid black) and aCgnSH (solid gray), respec-
tively. Error bars are 95% confidence intervals. (inset) Fluorescence emission spectra at
20 °C for native monomer, (N), unfolded monomer in 6 M urea, (U), and aggregate, (A),
for aCgn (solid black) and aCgnSH (solid gray), respectively.

image of Fig.�5
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Fig. 7. Fluorescence COM-1 values as a function of urea concentration at 20 °C for aCgnSH
monomer unfolding (●) and refolding (♦). The line is the corresponding fit to the two-
state unfolding model. Error bars are smaller than the size of the symbols.
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at 20 °C. Measurements at 30 °C yielded qualitatively similar curves
(not shown). Unfolding and refolding data were combined and globally
regressed against a two-state model using a nonlinear least squares
method implemented in MATLAB® (MathWorks, Natick, MA), as in
ref. [19]. Values for ΔGunf

0 obtained from the combined global regression
did not differ within statistical uncertainty from values obtained by
fitting unfolding and refolding data separately.

The fitted value for ΔGunf
0 for aCgnSH at 20 °C is 9.7 ± 0.7 kcal mol-1,

while that for 30 °C is 8.5 ± 0.6 kcal mol-1. The value at 30 °C for aCgn
[19] is 9.2 ± 0.5 kcal mol-1 The results show no difference in unfolding
free energy, within statistical uncertainty. Therefore, if removing the
C191-C220 disulfide bond does result in a change in unfolding free
energy, it is not large enough to be detected with this technique [36].
As DSC was convoluted with aggregation, it was also not possible to
reliably answer this question with that technique. Although previous
work has shown that removing a single disulfide can result in reduced
ΔGunf values, in the present case this may be mitigated by the fact that
four out of five native disulfides remain intact. Similarly, those remain-
ing disulfides are anticipated to help prevent significant differences in
the measurable secondary or tertiary structure for aCgn and aCgnSH
monomers in Fig. 6, despite the potential increased loop entropy that
one might anticipate would be liberated by the removal of a disulfide
bond if other disulfides were not present.

4. Discussion

The average aggregate structure andmorphology were probed with
a combination of scattering and spectroscopic data for monomers and
aggregates of aCgn and aCgnSH. Fig. 4 shows the scaling behavior of
aggregate radius of gyration (Rg) with reduced weight average molecu-
lar weight (Mw/M0), along with negatively stained transmission elec-
tron micrographs in Fig. 5. The magnitude of the scaling exponent, or
the slope of the data in Fig. 4, is related to the underlying morphology
of the aggregates, where values of 0.5 and 1.0 represent the Gaussian
chain and rigid rod limits, respectively [37]. All of the data for aCgnSH
fall on a common curve, regardless of initial protein concentration or
incubation temperature, indicating that the underlying morphology of
the aggregates is well-conserved as a semi-flexible linear polymer.

While there is a quantitative difference in the scaling exponents for
aCgn and aCgnSH aggregates, this difference is relatively small and indi-
cates that reducing the C191-C220 disulfide yields aggregates that are
still linear, semi-flexible chains. This conclusion is also consistent with
the TEM results in Fig. 5. The filaments are similar in that they are
unbranched and do not appear to be significantly bundled with one
another. Although the average diameters of the filaments are slightly
different, this is well within the standard deviation of those values
(not shown). As noted above, the morphology does not appear to
depend on whether aggregates are prepared with or without cross-
seeding between aCgn and aCgnSH species.

Far-UVCD and intrinsicfluorescence spectroscopy (Fig. 6) show that
the overall structural differences betweenmonomers and aggregates of
aCgn and aCgnSH are subtle, at least as detected by far-UV CD and
solvent exposure of aromatic amino acids via intrinsic fluorescence.
The CD spectra of the native, unfolded, and aggregate states for both
the wild-type and the partially reduced protein are identical within
the confidence limits of the measurement.

This indicates that breaking the C191-C220 disulfide leaves the glob-
al secondary and tertiary structure of native aCgn largely intact, and this
is perhaps not unexpected considering that four disulfides remain intact
in themolecule. A similar observationwas alsomade for a different ser-
ine protease, in which the crystal structure was determined for both the
wild-type protein and its Ala mutant with the analogous disulfide re-
moved [38], but in that case the loss of the disulfide impacted the cata-
lytic activity of thrombin. aCgn is not catalytically active itself, as it is the
zymogen of the serine protease chymoytrypsin. This observation does
not preclude the possibility of important local conformational rear-
rangements in the vicinity of the reduced disulfide that the bulk spec-
troscopic measurements may be unable to detect. ThT binding (see
Supporting information) is also indistinguishable between the aggre-
gates of aCgn and aCgnSH, with no appreciable binding to monomeric
protein. In addition, fiber X-ray diffraction measurements for aCgnSH
aggregates show the canonical cross-beta pattern (Supporting informa-
tion), as found previously for aCgn aggregates under these solvent con-
ditions [39]. In addition, aggregates of aCgn can “seed” aggregation of
aCgnSH, and vice versa. Together, these results show that aggregates
of aCgnSH therefore appear to retain the basic amyloid structure associ-
ated with aggregates of aCgn.

Despite the similarities in morphology and structure of the aggre-
gates for aCgn and aCgnSH, reducing the native C191-C220 disulfide
bond in aCgn results in a fundamental change in the underlying mech-
anismof nonnative aggregation. This is evidenced by the large reduction
in nucleus size (cf. Fig. 3), while growth appears to be qualitatively and
semi-quantitatively the same for aCgn and aCgnSH. This is summarized
schematically in Scheme 1. Unfolding is required both for aCgn and
aCgnSH to aggregate. For aCgn, these reactive unfolded species revers-
ibly self-associate until an irreversible step converts the reversible
oligomer of unfoldedmolecules into the smallest irreversible aggregate.
This nucleus then grows by the subsequent addition of monomers. For
aCgnSH, there are no reversible oligomerization steps, and the unfolded
monomer converts directly (irreversibly) into a monomeric nucleus —
i.e., a structurally distortedmonomer is able to form a sufficiently stable
“template” to recruit other unfoldedmonomers at a growth rate (~1/τg)
that is orders of magnitude faster than the nucleation rate (~1/τn). The
present data provides no direct structural evidence to indicate gross
morphological or three-dimensional structural changes between the
unfolded aCgn and unfolded aCgnSH monomers. However, one can
speculate that removal of the disulfide bond provides more structural
flexibility to allow exposure of aggregation-prone “hot-spot sequences”
in the aCgnSH monomer, and that conformational transition becomes
rate-limiting for recruiting a neighboring aCgnSH protein chain to
initiate aggregation.

Previous stopped-flow kinetic unfolded/refolding measurements
with aCgn at much lower temperatures showed that the time scales
for folding/unfolding are orders of magnitude faster than those for
aggregation, and that folding/unfoldingwas 2-state with no discernable
folding/unfolding intermediates, consistent with a clear isobestic point
in the equilibrium unfolding FL spectra as a function of urea concentra-
tion [19]. While stopped-flowmeasurements were beyond the scope of
this study, the equilibriumFLmeasurements for aCgnSH also showed an
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Scheme 1. Alternative nucleation pathways for aCgn (oligomeric nucleus) and aCgnSH (monomeric nucleus) for amyloid formation.
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isobestic point. Ideally, stopped-flow experiments at high temperatures
(~50 °C) would be desirable to directly measure the unfolding rate
coefficient and compare it to that for nucleation of aCgnSH aggregates.
Preliminary data (not shown) from SEC-MALS indicate that aggregates
formed too quickly, during sample preparation and hold times for
stopped-flow measurements, to allow unfolding to measured directly
at the conditions where aggregation kinetics were quantified.

A monomeric nucleus, while somewhat counterintuitive, has also
been implied for other systems [40,41]. However, in one case that
conclusion has been called into question [42], based at least in part
because the earlier analysis and experiments did not incorporate details
of the aggregate size distribution and growth kinetics. The results here
do not suffer from those limitations, and are consistentwith a reduction
of nucleus size for aCgnSH, compared to the trimer and larger oligomers
implicated as nuclei for aCgn. This suggests that elimination of the
C191-C220 disulfide bond greatly reduces one or more key barriers for
creating stable aggregates for aCgn.

A monomeric nucleus is consistent with unfolding as the rate-
limiting step for nucleation [3,41], which indicates a dramatic reduction
in the nucleation barrier(s) for aggregation. This presumably occurs
because of the greater freedom of the unfolded monomer to explore
conformational space so as to find the amyloid template structure that
readily recruits additional monomers to add so easily to it — i.e., time
scale for growth after the nucleated structure is formed is ~2–3 orders
of magnitude faster than nucleation, depending on the initial protein
concentration (cf. Fig. 3).

Finally, aggregates of aCgn have been previously shown to dissociate
completely in high concentrations of urea [19,43]. Using SEC-MALS,
aggregates composed of aCgnSHwere empirically found to not be disso-
ciable up to 8 M urea over multi-day time scales (data not shown).
Therefore, although the aggregate structures were sufficiently similar
to allow monomers of the other species to cross-aggregate, this result
suggests that there is some degree of structural difference that was
not discernable via any of the spectroscopic, scattering, or microscopy
techniques available here. This is possibly a local structural rearrange-
mentwithin the amyloid core of themolecule [39], or alternatively per-
haps disulfide cross-links between aCgnSH chains in the aggregates
occurred over time. The current results remain inconclusive regarding
this question, but preliminary data from incubating aCgnSH aggregates
at extreme pressure (~kilobars) showed some but not complete (~30%)
monomer recovery (data not shown), which argues against the latter.
Futureworkwill focus on answering this questionwith the aid of higher
resolution structural techniques.

5. Summary and conclusions

The aggregationmechanism andmorphology/structure of a partially
reduced form of aCgn were characterized under solution conditions
where aggregation proceeds through a nucleation + chain polymeriza-
tion mechanism. The underlying secondary structure, ThT binding, and
exposure of fluorophores in the folded, unfolded, and aggregated states
for aCgn and aCgnSH were indistinguishable within experimental
uncertainty. In addition, aCgn and aCgnSH both formed amyloid fila-
ments with similar morphology, and each was able to cross-seed with
the monomers of the other species.
The main difference between the aggregation behavior of aCgn and
aCgnSH was a much smaller nucleus size (stoichiometry), which was
inferred to indicate a reduction in the conformational barrier(s) to
nucleation. This suggests that disulfides in wild type aCgn may impede
or slow the kinetics of forming a stable nucleus/structural “template” for
amyloid of aCgn. That is, for the WT molecule a stable nucleus requires
multiple proteins to simultaneously “find” the amyloid structure. For
aCgnSH, even a monomer can easily “find” that structure through a
conformational search, and provide it as a structural template for
recruiting other monomers as part of growth. This is consistent with
themechanism for aCgn, as nucleationwas previously shown to involve
a significant entropic bottleneck [18], presumably involving a difficult
conformational search.

More generally, the results here provide additional motivation for
considering the role of S\S bonds in ameliorating non-native aggrega-
tion by providing conformational barriers to nucleation itself, in addi-
tion to any improvements in monomer unfolding free energies that
may also be realized.
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