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Thermodynamics of amyloid dissociation provide insights into aggregate
stability regimes
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Amyloid aggregates have been hypothesized as a global low free energy state for proteins at finite concentra-
tions. Near its midpoint unfolding temperature, α-chymotrypsinogen A (aCgn) spontaneously forms amyloid
polymers, indicating the free energy of aggregates (A) is significantly lower than that for unfolded (U) and native
(N) monomers at those particular conditions. The relative thermodynamic stability of A, U, and N states was
estimated semi-quantitatively as a function of temperature (T) and [urea] via a combination of calorimetry,
urea-assisted unfolding and dissociation, aggregation kinetics, and changes in solvent-exposed surface area,
combined with thermodynamic integration and a linear transfer free energy model. The results at first suggest
that N is more thermodynamically stable than A at sufficiently low T and [urea], but this may be convoluted
with kinetic effects. Interestingly, the kinetic stability of aggregates highlights that the practical measure of
stability may be the free energy barrier(s) between A and U, as U serves as a key intermediate between N and
A states.
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1. Introduction

Non-native protein aggregation involves the assembly of initially
monomeric protein into aggregates in which the constituent proteins
have lost a significant portion of their native secondary structure. In
addition, these structural changes at least putatively facilitate the for-
mation of strong inter-protein contacts and non-native structures that
make the aggregates effectively irreversible under the conditions that
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they form [1–3]. Amyloid is a particular structural form or state of non-
native aggregates, in which inter-protein contacts involve extended
beta-sheet structures that stabilize aggregates via hydrogen bonds
between strands on different protein molecules. Additionally, favorable
burial of hydrophobic surfaces, as well as backbone and sidechain
packing, contribute to amyloid stabilization [1,4]. Amyloid is sometimes
considered to be a more stable conformational/aggregation state than
even that of isolated, folded monomers under many conditions; this is
based on the observation that a wide variety of protein sequences can
form amyloid, and historically that amyloid aggregates are highly resis-
tive to dissociation [5–8]. In many cases, dissociation requires extremes
of temperature, pressure, and/or concentrations of chemical denatur-
ants that may be beyond those sufficient to unfold the monomeric
protein in isolation [9–11].

More recently, marginally stable amyloid states or alternative disso-
ciation strategies have been increasingly identified and used to study
the stability of amyloid as a means to better understand which interac-
tions or specific amino acid contacts are important for (de)stabilizing
aggregates [6,12,13]. However, quantifying the thermodynamics of
non-native aggregate formation remains problematic in many situa-
tions, as directly observing equilibratedmonomer-aggregate transitions
is practically difficult in experiment if one cannot identify conditions
where forward and reverse polymerization can be monitored simulta-
neously [11].

Often, non-native aggregate nucleation and polymerization are not
easily reversible on practical time scales unless the aggregates are sub-
sequently heated, pressurized, and/or incubated in high concentrations
of chemical denaturants. With some notable exceptions [12–15], the
aggregates do not dissociate measurably upon dilution or with changes
in solvent pH or ionic strength. Even when dissociation conditions are
identified, the processes of aggregation and/or dissociation can be
under kinetic control on practical time scales, and therefore elucidating
the quantitative thermodynamics of aggregation/dissociation requires
alternative approaches. As such, an indirect approach to predict condi-
tions that thermodynamically stabilize the native (N) or folded mono-
mer state compared to the aggregate (A) state could provide insights
into the mechanism(s) and driving forces by which aggregates form,
as well as provide means to better control or eliminate aggregates
that are a long-standing concern for biotechnology products such as
therapeutic proteins [16].

The model system in the present report is α-chymotrypsinogen A
(aCgn). aCgn is a natively monomeric, globular α/β protein that was
previously shown to spontaneously form soluble amyloid polymers at
acidic solution conditions and temperatures in the vicinity of themono-
mer midpoint unfolding temperature (TM~60 °C) on time scales of
minutes to days [17,18]. Aggregation under these conditions proceeds
via partial unfolding to populate molten-globule monomers that can
first reversibly self-associate to form low levels of non-specific trimers
and tetramers; those oligomers then nucleate net-irreversible amyloid
aggregates that grow rapidly viamonomer addition (i.e., chain polymer-
ization) [17,19–21]. The resulting aggregates are akin to protofilaments,
rather than fibrils, as they do not coalesce or bundle with one another
unless one considers conditions of higher ionic strength and/or pH
where aggregate–aggregate attractions become prominent [17,22].

In the present study, partial specific enthalpies versus temperature
were determined via calorimetry, and combined with unfolding ther-
modynamics and aggregate dissociation kinetics to assess the relative
chemical potential of aggregate (μAex, per monomer basis), folded or
native monomer (μNex), and unfolded monomer (μUex) as a function of
temperature for aCgn in the absence of urea. A separate assessment of
aggregate stability under isothermal conditions near room temperature
(26 °C) was also performed, using a combination of aggregate dissocia-
tion kinetics as a function of urea concentration, and estimates of rela-
tive exposed surface areas of A, N, and U from hydrogen–deuterium
exchange monitored by mass spectrometry (HDX-MS) [23,24]. Results
from these measurements were used to place bounds on the possible
range of relative transfer free energy values for A, N, and U as a function
of urea concentration, and were compared to predictions from temper-
ature extrapolation in the absence of urea.

Together, the results indicate that although aggregates appear to be
the free energy minimum for protein concentrations on the order of
10 micromolar over a range of temperature (T), the folded (unfolded)
monomer is inferred to be more thermodynamically stable if one
considers significantly lower (higher) temperatures in the absence of
urea. Comparison between the estimated thermodynamic and observed
kinetic stability of aggregates also highlights the importance of incorpo-
rating the free energy barriers separating A, N, and U states when
considering a practical definition of aggregate stability. The approach
employed here is expected to be applicable to other aggregation-
prone proteins so as to estimate stability regimes for aggregates versus
monomers.

2. Materials and methods

2.1. Protein solution preparation

10 mM sodium citrate buffer stock solutions were prepared by
dissolving citric acid monohydrate (Fisher Scientific, Pittsburgh, PA,
molecular biology grade) in distilled, deionized water, and titrating
to pH 3.5 with 1 M sodium hydroxide solution (Fisher Scientific). Solu-
tions of aCgn were prepared gravimetrically from 5× crystallized lyoph-
ilized aCgn (Worthington Biochemical Corp., Milford, MA) dissolved
in aliquots of stock citrate buffer to yield a final protein concentration
of either 1.2 or 2 mg/mL, with solution pH confirmed after protein
dissolution.

Aggregated protein samples for subsequent dissociation experi-
ments were prepared by thermostatting initially monomeric aCgn solu-
tions at 65±0.2 °C for a predetermined time to yield approximately 95%
(by mass) aggregated protein [19,22]. Aggregated samples were
quenched in an ice-water bath immediately after preparation for at
least 5 min, to arrest further aggregation [17,19,21]. All protein solutions
(aggregated and monomeric) were refrigerated (2–8 °C) and used
within one week of preparation, during which time no further aggrega-
tion was detectable via size-exclusion chromatography or laser light
scattering (data not shown).

2.2. Urea stock solutions

8.5 M urea stock solutions in 10 mM citrate buffer were prepared
gravimetrically by combining urea (MP Biomedicals, Solon, OH, Ultra
Pure) with citric acid monohydrate and distilled, deionized water.
Hydrochloric acid (Fisher Scientific, ACS grade) was used to adjust the
urea stock solution to pH 3.5. A polynomial expression that relates
urea density to molality and temperature [25] was used to calculate
molarity. Solutions were stored at−20 °C tominimize chemical degra-
dation, and used within two weeks of preparation.

2.3. Differential scanning calorimetry (DSC)

Aggregate samples were prepared at 1.2 mg/mL as described
above. A series of at least four buffer/buffer scans was used to establish
instrument thermal history and to obtain the instrument baseline on
a VP-DSC (Microcal, Northampton, MA). The average of these buffer/
buffer scans was subtracted from each protein scan and the absolute,
partial specific heat capacity (cp)was determined using standard proce-
dures [26]. Solvent properties were treated as being identical to those of
water. The partial specific heat capacity of preformed aggregates was
determined from scanning at 60 °C/h over a temperature range of 20
to 55 °C. This temperature range was chosen to conservatively ensure
that the aggregates would not undergo temperature-induced dissocia-
tion during the scans [19], and to purposefully include the temperature
of the isothermal calorimetry experiments (see below). The partial
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specific volume of the aggregates was approximated as equal to that for
foldedmonomer [27] (0.73 mL g−1) for purposes of converting the DSC
signals to absolute heat capacity values.

2.4. Isothermal calorimetry

Isothermal calorimetry was conducted with a VP-DSC operated in
isothermal mode. The average of at least four buffer/buffer time-
courseswas used to obtain the instrument baseline prior to each sample
measurement, and this baseline was subtracted from subsequent time-
courses that included 2 mg/mL protein in the sample cell. To initialize a
given isothermal experiment, the temperature was ramped from 15 to
55 °C over approximately 30 min. The temperature was then held
constant at 55±0.2 °C for the remainder of the experiment while the
differential heat flow to sample and reference cells was recorded as an
average every 5 s. Each experiment was performed in triplicate. 55 °C
was selected as the operating temperature based on previously mea-
sured aggregation kinetics [19,22] that indicated aggregation would
be prohibitively slow at lower temperatures, while at higher tempera-
tures the initially monomeric protein material would aggregate
almost completely during the heating and equilibration phases of the
calorimeter.

The differential heat flow rate ( _Q obs) to the sample cell (relative to
buffer control) was recorded as a function of sample incubation time
under isothermal conditions, and related to the kinetics of aggregation
via Eq. (1) (see also, Appendix A).

_Q obs ¼ ΔĤunf un−ΔĤagg

� �
c0Vcell

dm
dt

ð1Þ

In Eq. (1), c0 denotes the total protein concentration, Vcell is the
volume of the sample cell, and dm/dt is given by a rate expression
such as Eq. (2) for aggregation of aCgn under these solution condi-
tions [19,21,28,29].

dm
dt

≅−kobsm ð2Þ

In Eq. (2), m is the concentration of monomer divided by c0, kobs is
the net or observed rate coefficient of aggregation for a given c0, T,
and solvent condition. Values for kobs were determined previously via
kinetics monitored chromatographically [17,19,21], and also confirmed
separately here (see below).

For a given T, fun in Eq. (1) is the fraction of monomer in the sample
that is unfolded, ΔĤunis the specific enthalpy change for monomer
unfolding, ΔĤaggis the difference in specific enthalpy between aggre-
gate and folded or native monomer (¼ Ĥagg−ĤN; described in more
detail below). Ĥaggis approximated as being independent of aggregate
polymer length, as allmonomers in a linear polymer chain have roughly
the same near-neighbor protein contacts and amount of solvent expo-
sure, with the exception of monomers at the polymer termini. Because
on average only a fraction (fun) of monomers are unfolded at a given
time t, and all enthalpies are taken relative toN, the term in parentheses
in Eq. (1) therefore gives the value of the net enthalpy difference for
converting between one gram of unfolded monomers and one gram
of aggregated protein; note that dm/dt is negative, and thus the net
process is for converting from monomer to aggregate.

Rather than assuming a value of kobs when analyzing the isothermal
calorimetry data, _Q obsversus twas also used to estimatem versus t using
Eq. (3),

m ¼
_Q obs− _Q obs;∞
_Q obs;0− _Q obs;∞

m0 ð3Þ
where _Q obs;∞ is the heat signal at long time (t→∞), _Q obs;0 is the initial
signal, and m0=m(t=0). In Eq. (3), only m and _Q obs are functions of
t. The values of m estimated from Eq. (3) were also compared to those
determined independently from samples held isothermally and
quenched at selected time intervals for analysis by size-exclusion chro-
matography (SEC), as described below.

2.5. Size-exclusion chromatography (SEC)

AWaters Alliance2695 separationsmodulewithaWaters2996pho-
todiode array detector and a Waters Protein-Pak 125 (7.8×300 mm)
size-exclusion column was used to quantify monomer concentrations
in solution. The column was held at room temperature (20–22 °C),
with an isocratic mobile phase composed of 0.5% (v/v) phosphoric
acid (Fisher Scientific, Pittsburgh, PA, Certified ACS grade) in distilled
deionized water adjusted to pH 2.5 with 5 M sodium hydroxide (Fisher
Scientific, ACS grade). The mobile phase flow rate was 1 mL/min. These
conditions were previously determined to provide good separation
betweenmonomer and aggregate peaks without altering the aggregate
size distribution or stability of the aggregates [17,19,21]. Monomer con-
centrations were calculated from integrated peak area at 280 nm using
the Empower™ software (Waters,MilfordMA),with calibration against
external standards.

2.6. Dissociation with urea

To initiate aggregate dissociation with urea, aggregate samples at
1.2 mg/mL were diluted gravimetrically to 0.17 mg/mL protein and
urea concentrations of 2 to 6 M using the urea stock solution and citrate
buffer; higher and lower final protein concentrations were also tested
and gave indistinguishable results (not shown). Aliquots (1.5 mL)
were placed in individual HPLC vials (deactivated borosilicate glass,
part # 186000273DV, Waters) and hermetically sealed with HPLC
screw caps (part # 186000274, Waters). Samples were immediately
placed in a temperature-controlled autosampler chamber (Waters,
Alliance 2695) set to 26 °C for injection onto a size-exclusion column
(described above) after a specified hold time. The concentration of
aCgn monomer was monitored via SEC at selected time points over a
24-hour period.

2.7. Circular dichroism (CD) spectroscopy

Measurements were performed on a Jasco Inc. (Easton, MD) J-810
spectropolarimeter equipped with a Jasco PTC-424S Peltier temperature
control unit. Spectra of 0.2 mg/mL aCgn were obtained from 260
to 190 nm using a scanning rate of 50 nm/min. Three spectra were
obtained and averaged for each sample, and baseline subtracted
using the corresponding spectrum of the solution without protein.
Mean residue ellipticity (MRE) in deg-cm2/dmol was calculated using
Eq. (4),

MRE ¼ 0:1θλMW
cdnr

ð4Þ

where θλ is the ellipticity (mdeg) at wavelength λ,MW is the molecular
weight of themonomer (g/mol), c is the solution concentration (mg/mL),
d is the cuvette path length (cm), and nr is the number of amino acid res-
idues per monomer.

2.8. Intrinsic fluorescence

Equilibrium intrinsicfluorescence spectrawere obtainedwith a Jasco
J-810 spectropolarimeter with a FMO-427S fluorescence detector. The
excitation wavelength was 280 nm, and emission was monitored from
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300 to 450 nm. The spectral center of mass (COM) was calculated for
each average spectrum, after baseline subtraction, using Eq. (5),

COM ¼ ∑λ Iλ⋅1
�
λ

∑
λ

Iλ
ð5Þ

where λ is the wavelength (nm) and Iλ is the emission intensity at λ.

2.9. Hydrogen–deuterium exchange with mass spectrometry (HDX-MS)

The number of solvent accessible residues was estimated as the
number of HD-exchangeable amide backbone protons in the A and
N states (on a per monomer basis) as determined from intact protein
mass spectrometry for fully aggregated (>97%) or folded monomeric
samples, respectively. Exchange was monitored over approximately
two days to allow exchange of unfolding through slowly dynamic resi-
dues. The results were compared to the analogous result for the U state,
obtained from HDX experiments performed in 6 M urea (for reference,
the midpoint unfolding concentration of urea is 4 M at these condi-
tions [19]. Details regarding the labeling and quenching protocols, as
well as the mass spectrometry measurements were the same as those
described previously [18].

2.10. Determination of enthalpies and chemical potentials in the absence
of urea

The partial specific enthalpies for native, unfolded, and aggregated
states (i=N, U, and A, respectively) were calculated by integrating
the respective heat capacities with respect to temperature, using
Eq. (6).

Ĥ i Tð Þ ¼ Ĥ i;ref þ∫
T

T0

ĉp;idT ð6Þ

The reference state for i=N was taken as zero enthalpy at
T=20 °C. The value of ĉp;i was taken as independent of T for i=U
or A, while it was a linear function of T for i=N, and was determined
directly from the low-T baseline in DSC. The value of ĤU;ref was set to
assure that the experimental difference in enthalpy between N and U
was recovered at the midpoint unfolding temperature (T0=TM) from
DSC [19]; similarly, that for i=A was set to match the enthalpy
change upon aggregation in the isothermal aggregation experiment
described above (T0=55 °C). All partial specific enthalpies or heat ca-
pacities were converted to partial molar enthalpies (on a per-
monomer basis; indicated by overbars) by using the monomermolec-
ular weight. The change in the chemical potential (μ) for each protein
state i as a function of temperature was then calculated from the par-
tial molar enthalpies using the Gibbs–Helmholtz equation [30]. The
value of μU, ref was set to zero at 26 °C, for parity with the calculations
described in the next subsection. The value of μF, ref was then set so as
to make μF=μU at the experimental TM value, in the absence of urea.
The reference μ value for A was set as described in the Results and
discussion section. The procedure above also places μA on a per-
monomer basis for easier numerical comparison with μN and μU;
this is valid provided that the aggregates are linear polymers in
which the degree of polymerization is much greater than 2. This
assumption holds inwhat follows below, as the aggregates had an aver-
age degree of polymerization of order 102 (bn>=120±15 and poly-
dispersity indexb0.2 from laser scattering; not shown). Aggregates
were created under common conditions prior to subsequent character-
ization by DSC, spectroscopy, SEC-MALS, or HDX.
2.11. Calculation of relative chemical potential as a function of urea
concentration at 26 °C

The urea-unfolding “m” value (murea) is roughly proportional to the
difference in SSA for N versus U, and is also related to the difference in
the transfer free energy (ΔGtr) from water to a 1 M urea solution for N
versus U [31]. If one defines fi as the fraction of amino acids that are
significantly solvent exposed, naa as the number of amino acids in the
protein sequence, and δgtr as ΔGtr per amino acid (averaged over the
protein sequence), one can express murea in a form analogous to that
in Ref. [31] by assuming that the change in SSA is proportional to the
change in solvent accessible, amide backbone hydrogen atoms. This
gives

murea ¼ δgtr f U−f Nð Þnaa ð7Þ

The fraction of exposed amino acidswas determinedusing hydrogen–
deuterium exchange for aCgn as described above. The values for fU, fN,
and fA were determined to be 1, 0.45, and 0.78, respectively, con-
sistent with results reported elsewhere for aCgn [18]. For aCgn,
naa=245, andmurea was determined previously [19] to be approximately
−2.5 kcal mol−1 M−1 and essentially independent of temperature near
ambient conditions. From Eq. (7) with these values, δgtr is essentially
−20 cal/mol. An analogous approach to obtain δgtr by averaging over
each amino acid residue using the method of Bolen and co-workers
[31] gave semi-quantitatively similar results (not shown). The value of
δgtrwas then used in Eq. (8) to calculate the change in chemical potential
for state i as a function of urea concentration (curea)

μ i cureað Þ ¼ μ i 0ð Þ þ δgtrnaaf icurea ð8Þ

where μi(0) denotes the chemical potential of state i at zero concentration
of urea, for this temperature (26 °C). This is essentially a linear transfer-
free-energy (LTFE) model akin to those used previously to analyze
unfolding thermodynamics [32]. As such, it does not explicitly account
for possible changes in polymer configurational entropy (e.g., for the
aggregates) as the solvent quality changes with addition of urea; how-
ever, as the analysis of the transfer free energy results are only semi-
quantitative and qualitative in the present case, this limitation does
not alter the main conclusions below. To make all monomer chemical
potential values negative, the reference point was set as μU(0)=0.
The value of μN(0)was set to assure the chemical potential difference
between N and U equaled zero at the corresponding experimental
[19] midpoint value for curea of 4 M. The value for μA(0)was estimated
as described in the Results and discussion section.

3. Results and discussion

3.1. Aggregate specific heat capacity

Partial specific heat capacity was determined for preformed aCgn
aggregates using DSC as described above. The monomer fraction
was measured both before and after the DSC scans via SEC to be
m=0.03, confirming that negligible aggregate dissociation occurred,
and contributions to the heat capacity measurements from residual
monomer could be neglected. The results are shown in Fig. 1, with a
linear extrapolation of the average aggregate heat capacity up to
90 °C. The heat capacity data for a purely monomer sample versus
temperature are reproduced from Ref. [19] for comparison, and include
the unfolding transition centered at approximately 60 °C. Aggregation
was suppressed kinetically in that case, by working at sufficiently low
protein concentration to avoid aggregation on the time scale of the
DSC measurement.

The native monomer heat capacity is a linear function of temp-
erature, while the heat capacity of the unfolded state (i.e., high-
temperature baseline for monomer) and that for the aggregate are



Fig. 2. Monomer fraction versus time for 2 mg/mL aCgn at 55 °C calculated from the
heat signal from isothermal calorimetry and Eq. (3) (black line) and monitored by
SEC (white diamonds). Error bars for the calorimetric data are represented by the
gray region and account for the propagation of error from the terms in Eq. (3). The
error bars for the SEC points are smaller than the symbols.

Fig. 1. Absolute heat capacity versus temperature for equilibrium unfolding (gray line)
and aggregate (solid black line). The dashed lines represent the linear extrapolation of
the aggregate heat capacity.
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essentially independent of temperature over the range tested. The data
in Fig. 1 show that the aggregate heat capacity is approximately
4 kcal mol−1 lower than that of unfolded monomers. The average
value of the aggregate heat capacity over all temperatures is 11.0±
0.1 kcal mol−1 K−1 (on a per mole-of-monomer basis). Careful inspec-
tion of Fig. 1 shows that there is a small reduction in cp for the aggregate
as a function of temperature between 20 and 55 °C. Including this small
temperature dependence to cp for the aggregate does not appreciably
change the results reported below.

3.2. Isothermal calorimetry to determine ΔĤagg

Isothermal calorimetrywas used tomonitor the heat evolved during
aggregation of 1.2 and 2 mg/mL aCgn at 55 °C. Even at 55 °C, a small
amount of aggregation (~10%) occurred during the 30 min heating
plus equilibration period for the calorimeter, making the monomer
fraction (m) equal 0.9 (based on SEC) at t=0 for collection of _Q obs.
This loss was incorporated into the later analysis when comparing
with isothermal kinetics from SEC, by using a value for m0 in Eq. (3)
based on SEC analysis of a sample that was heated in the DSC but
removed and quenched on ice once the calorimeter began the kinetic
portion of the run.

ΔĤunand fun as a function of temperature were determined previ-
ously from a 2-state fit of the equilibrium DSC data for monomer
unfolding at low protein concentration [9]. ΔĤunand fun values for
55 °C were used in Eq. (1) when fitting isothermal _Q obs values versus
time to obtain ΔĤagg values. The confidence intervals of the fitted
ΔĤaggvalues for the 1.2 and 2.0 mg/mL conditions were calculated
from the propagation of statistical errors in the terms in Eq. (1). The
majority of the error is due to experimental uncertainty in the _Q obs

data. At 55 °C, the enthalpy change upon converting one mole of
monomers to aggregates was 37±12 and 29±5 kcal mol−1 for 1.2
and 2.0 mg/mL aCgn, respectively. Within statistical uncertainty,
these values are the same for the two concentrations, and thus the
averaged value of 33 kcal mol−1 was used in subsequent calculations.

Independent of the analysis of _Q obs via Eqs. (1) and (2), the fraction
of monomer (m) versus time at 55 °C was estimated separately from
_Q obs with Eq. (3) (see also Materials and methods). The results from
Eq. (3) are shown in Fig. 2. The values ofm vs time from separate sam-
ples that were incubated at 55 °C for different time periods, and then
quenched on an ice-water bath and analyzed by SEC are also provided
for comparison. The monomer fraction values calculated from the
isothermalDSC data via Eq. (3) agree quantitativelywith the SECmono-
mer loss profile, indicating that the assumptions in Eqs. (1) and (2) are
reasonable for the conditions of the isothermal calorimetry measure-
ments. kobs was determined to be (7.7±0.5)×10−3 min−1 by fitting
the 2.0 mg/mL SEC monomer loss data to Eq. (2), in agreement with
previous results [19].

3.3. Enthalpy and chemical potential versus temperature

Results for the partial molar enthalpy (per monomer basis) for
each state (N, U, and A) calculated from Eq. (6) are shown in Fig. 3a.
The reference state values are defined in the Materials and methods
section. Fig. 3b shows enthalpy differences between the different
protein states ( �HU− �HN ; �HA− �HN ; and �HA−�HU). Fig. 4a shows the
corresponding values for the chemical potential of N, U, and A states
based on the enthalpy values in Fig. 3a, with the calculations described
in Materials and methods. The absolute values for the chemical poten-
tial of A in Fig. 4a depends most sensitively on the choice of reference
chemical potential, which was selected based on the considerations
summarized immediately below, as well as the value of the enthalpy
difference between monomer and aggregate at 55 °C (from Fig. 2).
Those two quantities shift the family of curves in Figs. 3 and 4, while
the temperature dependence (e.g. slopes and curvature changes with
temperature) is ultimately derived from the heat capacity vs. tempera-
ture data (Fig. 1). There is small uncertainty in the heat capacity data
(error bars of the order of the thickness of the lines in Fig. 1), while
there is much larger uncertainty in the monomer-to-aggregate enthal-
py change at 55 °C, and the reference point temperature noted below.
As such, the curves in Fig. 4 should be considered semi-quantitative,
as they could be shifted slightly if those reference point values are
chosen differently within the uncertainty in those quantities.

In previous work, temperature-jump experiments indicated that
aggregates formed below approximately 65 °C dissociated when subse-
quently jumped to significantly higher temperatures (~75 to 90 °C),
while aggregates created at approximately 70 °C or higher temperature
did not dissociate significantly when jumped to a higher temperature
[9]. Similarly, in the present study, aggregates created at temperatures
near TM were slowly heated (~0.025 °C/min) and found to not dissoci-
ate (via SEC) until approximately 70 °C (data not shown). However,
the kinetics of aggregate dissociation and re-aggregation were too
slow to practically allow a true equilibrium point to be identified. As a
result, the aggregate curve in Fig. 4a was drawn in a location such that

image of Fig.�1


Fig. 3. (a) �Hi− �HT¼20C
N versus temperature for native (solid gray line), unfolded (dashed

gray line), monomer (dashed black line), and aggregate (solid black line). (b) Δ �H
versus temperature for �HU− �HN (dashed gray line), �HA− �HN (solid gray line),
�HA− �HU (solid black line), and �HA− �HM (dashed black line). All molar enthalpies are
on a per-monomer basis.

Fig. 4. (a) μi versus temperature with μU (T=26C)=0 for native (solid line), unfolded
(dashed line), and aggregate (dotted line). (b) Δμ versus temperature for N➔U
(solid line), U➔A (dashed line), and N➔A (dotted line).
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it crossed the unfolded monomer curve at 70 °C, simply as an estimate
to be consistent with the experimental observations listed above.
Therefore, as noted above, the discussion and conclusions below are
only semi-quantitative with regards to the calculated stability of A
compared to N or U.

Fig. 4b shows the corresponding chemical potential differences
among the three protein states (μU−μN, μA−μU, and μA−μN) based
on the values in Fig. 4a. Inspection of Fig. 4 shows that the chemical
potential of the aggregated state at these solvent conditions and
protein concentration is predicted to be lower than that of the domi-
nant monomer state (N or U) over a range of temperatures between
approximately 30 and 70 °C. Based on the above discussion, the precise
range of temperatures may shift slightly if one chooses to have the
chemical potential of A and U cross at a temperature other than 70 °C.

The analysis leading to Fig. 4 shows that differences in cp lead natu-
rally to temperature-dependent differences in enthalpy and free energy
between aggregate andmonomer states, analogous to those between N
and U states for monomers. Thus, it is perhaps not surprising that A
would be stable only over a finite range of temperatures. Although
beyond the scope of this study, the results in Figs. 3 and 4 suggest that
if one were to cool sufficiently to induce cold unfolding of monomers,
aggregates would still be disfavored compared to (now unfolded)
monomers. This follows because cp is highest for U, and the enthalpy
of U is lowest at low temperatures; by the van't Hoff relation [30], equi-
librium favors the lowest enthalpy (and entropy) state(s) as T is
decreased.
3.4. aCgn unfolding and aggregate dissociation in urea

Urea-induced dissociation was also investigated at low tempera-
ture (26 °C), as a means to probe the relative experimental stability
of A compared to N and U for aCgn. Time-dependent monomer recov-
ery from aCgn aggregates incubated isothermally at selected urea
concentrations was determined via SEC, as described above. Illustra-
tive results are shown in Fig. 5a, and indicate that an increase in
urea concentration resulted in a significant increase in the initial
rate and overall extent of monomer recovery. Analogous experiments
at lower and higher protein concentrations showed identical results
within statistical uncertainty (not shown), indicating the dissociation
process was under kinetic control. Thus, it was not viable to estimate
a rate for reversal of dissociation, or an equilibrium extent of dissoci-
ation, under these conditions.

Measureable monomer recovery occurred for urea concentrations
greater than approximately 2 M, and aggregates were clearly unstable
above approximately 3 M urea. As these samples were only measured
over 24 h, it is possible that aggregates would be unstable at lower
urea concentrations if one were to wait for much longer time scales.
Empirical evidence from this study (not shown) and previous work
[17,19,20] indicated that aggregates show no discernable dissociation
via SEC and/or light scattering on time scales of the order of weeks to

image of Fig.�3
image of Fig.�4


Fig. 5. (a) Monomer recovery over a 24‐hour period for c0=1.2 mg/mL aCgn dissociated
in 2 M (closed squares), 3 M (open diamonds), 4 M (closed triangles), 5 M (open squares),
and 6 M (x) urea at 26 °C. (b) Circular dichroism and (c) intrinsic fluorescence spectra for
native monomer (solid line), unfolded monomer (dotted line), aggregate (dashed line),
and protein that had been exposed to 4 M urea to promote dissociation of the aggregate
and then dialyzed to remove the urea (crossed line).
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months at room temperature or refrigerated in the absence of urea at
this pH and ionic strength.

In order to assess whether dissociated monomers are able to refold
to the parent monomer structure, CD and intrinsic fluorescence spectra
were compared for A, N, and U states, as well as monomers recovered
from dissociation of aggregates. Illustrative CD spectra are shown in
Fig. 5b for native and thermally unfoldedmonomeric aCgn (low protein
concentration) compared to aggregate that was created at pH 3.5 and
65 °C at a protein concentration of 2 mg/mL prior to dilution for pur-
poses of the CD measurements. Also shown are spectra for aCgn that
was first aggregated, then dissociated back to monomer in 4 M urea at
26 °C, and finally dialyzed to remove the urea before obtaining the CD
spectrum. The spectra indicate a significant change in secondary struc-
ture from monomeric to aggregated protein. The aggregate secondary
structure has some degree of elevated β-sheet content based on the
red shift and a broad minimum near 212 nm, consistent with previous
results [19]. The monomer secondary structure after dissociation and
dialysis is essentially the same as the original native structure.

Analogous results from intrinsic fluorescence are shown in Fig. 5c
for the same conditions as in Fig. 5b. The spectra show a red shift in
spectral center of mass (COM) upon comparison of native monomer
(COM−1≈343 nm) with aggregate (COM−1≈351 nm) or unfolded
monomer (COM−1≈353 nm). These shifts are consistent with
those expected due to increased solvent exposure around tryptophan
residues, although these data cannot distinguish which or how many
tryptophan residues are exposed in aggregate versus unfolded states.
The COM and the overall spectrum of the monomer after dissociation
and dialysis to native-favoring conditions are the same as for those
for native monomer prior to aggregation, indicating the monomers
that are recovered from aCgn aggregates are able to refold.

3.5. Chemical potential versus urea concentration

The dependence of monomer and aggregate chemical potentials on
urea concentration was estimated based on differences in number of
exposed and exchangeable amide backbone hydrogen atoms (see also
Materials and methods). This approach is an experimental alternative
to estimating SSA from theoretical approaches, as the detailed three-
dimensional structures of aggregates are not typically known. A low-
resolution structure for aCgn aggregates was recently suggested [18],
but the large majority of the structure is only approximate or putative,
and was based on HDX measurements analogous to those performed
here. As such, the HDX approach described above was considered a
more robust and experimentally direct means to estimate relative dif-
ferences in SSA.

Changes in chemical potential vs. urea concentration were there-
fore calculated from Eq. (8), with the results shown in Fig. 6a. As
described in the Materials and methods section, the curves for the
chemical potentials of N and U cross at 4 M urea, the experimental
midpoint unfolding concentration at this temperature. The differ-
ences in the slopes of the curves are set by the differences in SSA
estimated from HDX measurements, along with the experimental
murea value for monomer unfolding. Thus the slope is greatest for U,
smallest for N, and intermediate for A. Qualitatively, this ranking is
alsowhat is expected based on the relative degree of fluorophore expo-
sure for N, U, and A indicated by the FL results in Fig. 5c. This is also con-
sistent with the relative values of cp for N, U, and A at low temperature,
in that cp for globular proteins scales roughly according to the amount of
SSA [32].

The intercept for μA is not known exactly, but can be estimated or
at least bounded via the results in Fig. 5a. Specifically, the observation
that aggregates are unstable in urea concentrations of at least 4 M or
higher indicates that the μA curve should not lie significantly lower
(on the vertical axis) than where it is depicted in Fig. 6a, and the
curve as drawn is taken as a reasonable lower bound. It also indicates
that the chemical potential of A is higher than that for N at 26 °C, con-
sistent with the predictions from calorimetry in Fig. 4.

Overall, the results in Figs. 4 and 6 are consistent with a model in
which the degree of solvent exposure of protein backbone and hydro-
phobic side chains is significantly different between N, U, and A states
for aCgn. This leads to significant differences in heat capacity and ΔGtr

for these three states, with both of these quantities increasing (at least
qualitatively) with increasing SSA. The analysis associated with Fig. 6
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Fig. 6. (a) μi versus urea concentration with μU (T=26C)=0 for native (dashed line),
unfolded (dotted-dashed line), monomer (solid black line), and aggregate (solid gray
line). (b) Δμ versus urea concentration for N➔U (solid line), U➔A (dashed line), and
N➔A (dotted line).
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is based on a model in whichΔGtr is linearly related to SSA, but qualita-
tively similar conclusions would be reached if ΔGtr was slightly non-
linear, especially given the relatively limited experimental range of
accessible curea values. From a qualitative perspective, if one is able to
argue or show that aggregation results in significant burial of SSA com-
pared toU, but thatN retains the lowest SSA, then the qualitative picture
in Fig. 6 is expected to hold as long as theminimal concentration of urea
needed to destabilize aggregates lies at or below cmid for monomer
unfolding. Interestingly, if the μA curve were to shift vertically down-
wards in Fig. 6, that would suggest that for some protein systems the
aggregates are more thermodynamically stable than monomers near
cmid, but less stable at higher and lower urea concentrations.
3.6. Comparing thermodynamic and kinetic effects on relative stability

In addition to the thermodynamic stability arguments presented
above, onemust also consider the empirical observation that aggregates
of aCgn are apparently very kinetically stable (i.e., no measureable
dissociation) on long time scales (of order 10–102 days) at refrigerated
to room temperature conditions, in the absence of urea. Although the
analysis above was only semi-quantitative, the results from calorimetry
and estimated SSA differences qualitatively indicate that aggregates are
ultimately expected to be unstable, relative to folded monomeric aCgn,
at sufficiently low temperature.
This highlights that one must also factor in kinetic effects when
considering how to define aggregate stability. For example, thermo-
dynamic analysis assumes that there are no significant kinetic barriers
to surmount in order to transfer from A to N, when concluding that N
is more stable than A at low temperatures (i.e., our calculations assume
true equilibrium is achieved). However, fromamechanistic perspective,
a protein chain that is part of Amust first dissociate before it can refold.
As such,U or some sub-ensemble of conformerswithin the unfolded en-
semble appear to be requisite intermediates on the pathway between A
and N. If so, then the free energy barrier between A and U may be the
more relevant quantity for defining practical measures of aggregate
stability under strongly native-favoring conditions.

Furthermore, inspection of Fig. 4 shows that μA≪μU at room tem-
perature and somewhat below. Thus, if U monomers are formed
(even transiently) under these low temperature, native-favoring con-
ditions, converting from U to A is very favorable thermodynamically.
Therefore, it will be the relative free energy barriers for converting
from U to either A or N that may dictate whether aggregates form
on a given time scale. At temperatures near TM, where both N and U
are similarly populated, this may not be as much of a determining
factor. Finally, the kinetics for converting to aggregates from any
monomer state must be concentration dependent unless the transi-
tion from N to U is rate-limiting [33]. This further illustrates the
need to consider the impact of kinetics, mechanisms, and free energy
barriers if one is concerned with the process of preventing aggregation
during prolonged protein storage. However, the thermodynamic analy-
sis and approach illustrated here is promising if one is concerned
with identifying the range of conditions where aggregates are thermo-
dynamically favorable—e.g., so as to avoid those conditions when
attempting to refold monomers or dissociate aggregates from inclusion
bodies [34].

4. Conclusions

Results from a thermodynamic analysis of the relative calculated
stabilities of folded monomer, unfolded monomer, and amyloid aggre-
gate states for aCgn show that aggregates are expected to be thermody-
namically favorable at intermediate temperatures, but not at high or
low temperature in the absence of urea. The addition of urea at room
temperature also shifts the experimentally observed stabilities of the
various protein states; however, the aggregate is predicted to never be
the most thermodynamically (rather than kinetically) stable state at
the low temperature conditions examined. The general arguments
given here regarding the effects of temperature and/or urea are not
specific to aCgn or amyloid, and suggest that the precise range of
thermodynamic stability for aggregates of a given protein will be limit-
ed, and may or may not include biologically or technologically relevant
conditions. The results also highlight the importance of considering ki-
netic barriers when considering practical definitions of protein stability
at low temperatures,where the dynamics of key steps in the association/
dissociation process may control the observed behavior.
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Appendix A

Eqs. (A1)–(A3) apply to isothermal calorimetry monitoring the
kinetics of aggregation for a simple three-state model where native
monomer (N), unfoldedmonomer (U), and aggregate (A) are the possi-
ble states. The measured rate of heat input or removal, as a function
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of time (t) is expressed based on a differential form of the first law of
thermodynamics

_Q obs ¼
dH
dt

¼ ∑
i

d MiĤ i

� �

dt
ðA1Þ

Realizing that the partial specific enthalpy values for each of the i
states does not depend on time for an isothermal, isobaric experiment
at fixed solvent composition and low protein concentrations, Eq. (A1)
becomes

_Q obs ¼
dMN

dt
⌢
HN þ dMU

dt
⌢
HU þ dMA

dt
⌢
HA ðA2Þ

Using the mass balance Mtot=C0Vcell=MN+MU+MA, and mono-
mer mass defined as Mmon=MN+MU, Eq. (A2) can be simplified to

_Q obs ¼
dMU

dt
⌢
HU−

⌢
HN

� �
þ dMmon

dt
⌢
HN−

⌢
HA

� �
ðA3Þ

Finally, substituting for Mmon and defining ΔHun ≡
⌢
HU−

⌢
HN and

ΔHagg≡
⌢
HA−

⌢
HN , Eq. (A3) can be rewritten as Eq. (1) in the main text.
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