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ABSTRACT. The kinetics and structural transitions of non-native aggregationasfymotrypsinogen (aCgn)

were investigated over a wide range of temperature and initial protein concentration at pH 3.5, where
high molecular weight aggregates remained soluble throughout the reaction. A comparison of thermo-
dynamic, kinetic, and spectroscopic data shows that aggregation under non-native-favoring conditions
proceeds through a molten globule unfolded monomer state, with a nucleation and growth mechanism.
Formation of irreversible aggregates and conversigitsbeet secondary structures occur simultaneously
without detectable intermediates, suggesting flaslheet formation may be a commitment step during the
nucleation and growth stages. Analysis of the kinetics using a Ltiayying with nucleated polymerization
(LENP) model provides the predominant nucleus size and the product of the intrinsic nucleation and
intrinsic growth time scales at each state point. We find that the nucleus size depends on both temperature
and protein concentration, and in some cases there is competition between two distinct nucleus sizes. The
observed rate coefficienkd,9 for aggregation displays a maximum as a function of temperature because

of the competition between foldirgunfolding thermodynamics and the intrinsic growth and nucleation
rates; the latter contribution has a large, negative activation enthalpy that donmkpatas elevated
temperatures. Temperature-jump experiments reveal that aggregates depolymerize at high temperatures,
indicating that they are lower in enthalpy than the free monomer. Overall, the results suggest more generally
that non-native aggregation may proceed through more than one nucleus size and that intrinsic kinetics
of nucleation and growth may have significant entropic barriers.

Non-native protein and polypeptide aggregation generally resulting kineticsZ4—27) would potentially aid identification
refers to the process by which initially native or unfolded of more effective treatments for such diseases as well as more
proteins or polypeptides spontaneously self-assemble to formeffective stabilization strategies for biopharmaceutical prod-
relatively high molecular weight (MW aggregates com-  ucts.

posed of individual monomers that have adopted significantly  The present work is concerned with the net irreversible,
non-native secondary structures; the prevalent aggregatenon-native assembly ofi-chymotrypsinogen A (aCgn),
secondary structure often beifigsheet {~7). In many cases  resulting in soluble, relatively high MW aggregates such as
the resulting aggregates occur as soluble or insolublethose commonly observed vitro under mildly acidic or
filaments, fibrils, or flocculated or gelled polymei&<10). weakly denaturing conditions for a variety of pharmaceuti-
Non-native aggregation poses significant problems for the cally and medically relevant proteins and polypeptidgs (
biopharmaceutical industry, resulting in loss of viable product 10, 28 29). aCgn was selected as a well-characterized,
and in potential safety concerns during both production and natively monomeric, globular protein with relatively simple
storage {, 11—-16). Aggregation has also been linked to a unfolding thermodynamics and kinetics that forms non-native
number of debilitating ailments such as Alzheimer’s, Par- aggregates on reasonable time scales at elevated temperatures
kinson’s, Huntington’s, and prion-based diseases2( 8, (30, 31).
17, 18). An improved ability to discern details of the  the majority of the results presented in this article were
underlying mechanism1@-23) as well as predict the  gpiained under non-native favoring conditions (elevated
temperatures) at pH 3.5 and low ionic strength. At these
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Non-Native aCgn Aggregation

Scheme 1: LumryEyring Nucleated Polymerization or
Extended Lumry-Eyring Scheme for Non-Native Protein
Aggregation (Adapted from Red6)

I. Reversible unfolding IV. Growth of soluble aggregates V. Condensation
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via polymerization (stage 4 in Scheme 1) is treated as
proceeding first by reversible association @funfolded
monomers with an irreversible aggregatg) composed of
j monomers (typicallyy = 1 is assumeddy, 38, 40, 44—
46)). The reversible association step is followed by an
irreversible structural transition or rearrangement of fhe
monomers that effectively commits them to the irreversible
aggregate, now ;5. Aggregate polymerization can proceed
for a given aggregate until its size reaches a threshold number
of monomersn*. Once n* is reached, the aggregates are
able to appreciably participate in condensation steps (stage
5, Scheme 1) that result in precipitates or higher-order
structures such as bundles, fibrils, gels, or amorphous
precipitates.

In many cases, the kinetics of aggregation allow one to

ficient) and that the soluble aggregates formed are essentiallyconclude that nucleation is thermodynamically unfavorable
linear, high MW polymers of aCgn monomers (Weiss, W. and that it therefore represents a rate-limiting s} 22,

F., IV, unpublished work). Using the approach and consid- 24, 35, 37, 38, 40, 44—46). In other cases a folding,
erations outlined below, we sought to gain insights into the unfolding, or association/dissociation step in stage 1 is rate-
mechanism of aCgn aggregation. Furthermore, we employlimiting (33, 34, 47-50), and therefore no information
aCgn as a model system to develop a general approach foregarding pre-nucleation or growth can be inferred from
the study of non-native aggregation kinetics that quantita- experimental kinetics. Alternatively, if aggregates precipitate
tively combines biophysical characterization and kinetic or condense at relatively low MW, information regarding
modeling. In what follows, we briefly review some salient nucleation but not growth can be inferre2¥4( 35, 36, 40).
aspects of non-native aggregation and the resulting kineticsIn all cases, the location of the rate-limiting step(s) in the
that help motivate the experimental approach adopted hereprocess and thus the key intermediates that govern the
The points outlined below also provide context for much of observed kinetics can depend on both the protein and the
the results and discussion in later sections. sample conditions of interesB%, 40).

For proteins that are able to foleh vitro, Scheme 1 In Scheme 1, one can generally draw a distinction between
schematically illustrates a general, multistage reaction mech-aggregation-limited processes and (un)folding-limited ones.
anism for aggregation that incorporates the putative stepsin the aggregation-limited case, assembly of non-native
inferred or deduced for a number of proteiri{24, 29, monomers is rate-limiting for monomer loss (i.e., staged 2
32—34). It is an adapted version of a more general schemeScheme 1). Therefore, stage 1 can be treated as pre-
upon which the LENP mathematical model of non-native equilibrated with respect to the later staged, (35, 39—
aggregation kinetics has been proposed and soB&®6), 41). In the (un)folding-limited case, aggregate assembly is
including a number of simpler limiting case33 37—41). rapid compared to folding or unfolding, and therefore the
Scheme 1 shows a two-state folding pathway between nativeobserved kinetics are either dominated by the dynamics of
(N) and molten globule \IG) monomer states, with the (un)folding 33, 34, 48) or are a convolution of assembly
aggregation-prone or reactive monomer sped@agsumed  and (un)folding 47, 49, 50, 51). Experimentally, the ag-
to be the molten globule. This is done for simplicity, and gregation-limited and (un)folding-limited scenarios are most
because it is relevant to a number of systeind 6, 24, 42, conclusively discerned by determining whether the observed
43) and to the results presented in this article. aggregation time scale (e.g., the time to 50% loss of

In Scheme 1, for an initially folded protein the first stage monomer tso) is significantly longer than that for folding
in the aggregation pathway is reversible unfolding to populate unfolding equilibration. In many cases, unfolding-limited
the reactive, non-native monomer state. The second stage ikinetics also must be truly first order, with a rate coefficient
prenucleation, in which monomersR)( reversibly form that is independent of protein concentrati@d, (34, 35).
oligomers R) composed of monomersi(= 2, 3, ...). The For cases that are aggregation limited, key intermediates
nucleation step (stage 3) involves an irreversible structural include R and the nucleus of reactive monomersR; or
conversion or geometric rearrangement of an otherwise Ay). In cases whera is two it is possible to conclude that
reversible oligomer composed af monomers Ry). This the R monomer effectively is the (pre-)nucleudl( 22), or
rearrangement step results in the smallest irreversible ag-alternatively that aggregation is a downhill polymerization
gregate A,), and defines the nucleus sixeas the number  (52). Although the exact relationship between structure in
of monomers inR, and A. If one assumes stage 3 to be the non-native state and its reactivity with respect to
rapid compared to the preceding stepRPf+ R—; — R, aggregation remains an outstanding challenge to addess (
one instead obtains the simpler limiting case of association- 10), for many proteins the reactive monomer conformational
limited nucleation 87, 38, 44, 45). In that case, the nucleus state is inferred from spectroscopy and/or mass spectrometry
size is effectivelyx-1. Stage 3 is explicitly included in  to be partially unfolded and possibly categorized as a molten
Scheme 1 to capture situations in which the rate-limiting step globule (, 8, 10, 16, 24, 42, 43, 53, 54).
for nucleation is an inter-protein rearrangement or alignment  Aggregate nuclei are even less well understood than
such as3-sheet formation. monomer precursors, at least in part because nuclei and

To remain general and consistent with the physics of growing aggregates are often transient and relatively unstable.
structure formation in the nucleation stage, aggregate growthAs a result, they are present at low levels compared to those
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of monomers and downstream, larger aggregates. This makeshat cannot easily be experimentally deconvoluted. Details
them difficult to experimentally isolate and directly charac- of the derivation of eqs 1 and 2 as well as additional
terize. Indirect approaches, such as those based on interpreteexpressions of use in interpreting aggregation kinetics are
tion of experimental aggregation kinetic81( 22, 24, 32, provided in refs35 and 36.
35-37, 40, 52), therefore provide a possible route to infer  The following points are notable from eq 2. First, if one
mechanistic details such as the number of monomers in theworks under native-favoring conditions the observed kinetics
nucleus and the location of the rate-determining step(s).  will necessarily have a significant and highly nonlinear
To complete this section, we summarize key results from contribution fromAG®,, because of the relationship between
mathematical modeling of Scheme 1 that provide experi- f; andAGY,,. Although it is possible to quantitatively factor
mentally tractable expressions for the observed kinetics underout this contribution from experimental data4j, this can
aggregation-limited conditions. When aggregates remain pe difficult in many cases if aggregation at elevated tem-
soluble and grow via polymerization to significantly larger peratures complicates the use of thermal scanning techniques
sizes than that of the nucleus, Scheme 1 leads to a seeminglyhat are commonly used to determines?,, for a given
simple rate equation for monomer loss when the reaction is sample condition39). With this consideration in mind, we
monitored over approximately one or more half-liv8s,(  selected solution conditions for aCgn aggregation such that

36, 40). aggregation kinetics could be practically measured at elevated
d ‘ temperatures in the absence of chemical denaturants. These
d_rtnz _kobsmé (1) conditions ensure that the fraction reactive or unfoldd (

= fy) is close to or essentially one and therefore permit us
In eq 1, kews is the observed rate coefficient for a given to focus on the contributions to aggregation from nucleation

o - ... and growth over a range of temperatures.
temperature ), pressure, solvent composition, and initial 9 ) 9 P
monomer concentratiof,. The fraction of monomer re- Second, at fixed temperature, pressure, and solvent com-

maining ism = [M]/Co, with [M] denoting the monomer position, all terms on the right-har_1d side of eq 2 except for
concentration at a given tinteThe parameted was defined ~ Co%**" 2 are fixed. The value ob is determined from the
above as the number of monomers needed to propagate Apparent reaction ord_er with respect tq monomer Ios_s. A
growth step during polymerization. From eqdlis also the value _for the nucleus sizg, can be determined by regressing
apparent reaction order with respect to monomer concentra-£XPerimentakoss values against eq 2 over a range of initial

tion for the observed kinetics of monomer loss or aggregate MoNoMer concentration€¢) at a given state poin8g, 36).
conversion. As our results elsewheB5,(36) and analysis A similar result for determining from the Cq dependence

of simplified versions of Scheme 1 sho®3 37, 38, 40), of aggregation kinetics can be obtained by? analysis of

the value okeys from monomer loss or aggregate conversion pnly the initial rates of_monome_r loss or aggregate conversion
kinetics over one or more half-lives is necessarily a convolu- If ©ne can obtain sufficiently high-resolution data over only

tion of stages +4. It can be written generally a8%, 36) the first 10 to 15% monomer loss (i.e., low extents of
reaction) 87). When initial monomer loss is relatively rapid,

C, \(xtd-1)y2 (h3)2 1 itis of_ten experimen_tally problematic or r(_aquires specialized
Kobs = C_ fx om0 (2) experimental techniques%, 56) to obtain accurate and

ref, Ty Tn sufficient data over the early times of the reaction to reliably

. ] ) perform at? analysis unless there is a pronounced accelera-
In eq 2,« is a constant close to one, a@kis an arbitrary  tory character to the early-time kinetic2 55, 56).
reference or standard state protein concentration. Because Together, the preceding considerations motivate the ap-

ﬁ:ﬁ%g mlez i:]afh'g rgg?tf\)/ nggnf‘gr?;eti:)r?;?gteéiaizhti;rsggzn 0fproach_adopted h_ere of combining extensive quantitative data
. o ) . on folding—unfolding thermodynamics and dynamics, along
as its eq“"'b”“m \_/alui'm the absgncle of aggrfegiltlfon._For Awith aggregation kinetics over multiple half-lives and a wide
t;V?/'itaJ‘rtermf;i'tT] '2 w d'ﬁﬁ '3 equtlr:/a ent |t|?k|)_\)r| ’:n_ L:1_t nt range of protein concentrations in order to infer details
four (unfoldiunngj (cf Suc?heemeel) a'sl'hefel?(?rléobs dlépe(ri?:lssoi regarding the rate_-limiting st_eps in aCgn aggrega?i_on.
" ‘ : 0 Spectroscopy and light scattering under selected conditions
th_e stand_ard free egergy of unfOId'ngGé ) througth,' provide additional insight into questions of when structural
with Kun = exp(-AG’u/ksT) andks denoting Boltzmann's conversion tg3-sheet occurs within the kinetic aggregation

co_lr_lﬁta?t. - ters i 5 the intrinsi scheme and whether it is required to maintain the integrity
e two remaining parameters in eq 2 are the intrinsic ¢4 aggregates.

time scales for nucleation{?) and growth ¢4©), both of
which are functions of only temperature, pressure, and \JATERIALS AND METHODS

solvent composition. The intrinsic time scale for nucleation

is equivalent to the inverse of the rate of nucleation when  Solution Preparation5x crystallized aCgn, 91 w/w %
all monomers are present in the reactive conformalRon  protein (manufacturer’s analysis, lot number G8D212L) was
and the monomer concentration is fixed at a standard statepurchased from Worthington Biochemical Corp. (Milford,
or reference valuedy) (36). It is denoted as intrinsic because MA) and used without further purification. Protein solutions
it is not a function of total protein concentration, folding  were prepared gravimetrically at concentrations ranging from
unfolding free energy or rate coefficients, or the fraction 0.05 to 4.0 mg/mL aCgn using 10 mM citrate buffer prepared
monomer remaining. The analogous quantity for growth is from citric acid monohydrate (Fisher Scientific, Pittsburgh,
74 (36). 7. andz{® are each necessarily a product of two PA, ACS grade) and water distilled in-house and deionized
or more elementary rate coefficients or equilibrium constants with a Millipore Corp. (Billerica, MA) Milli-Q filtration
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system with a Quantum EX ultrapure organex cartridge. Total 40 —

protein concentrations were consistent with analysis from S0 03

direct UV absorbance at 280 nm. Buffer pH was adjusted to 3B|£, 4

3.5 with 1 M sodium hydroxide (Fisher Scientific, Pittsburgh, < 30 ico Pl

PA, molecular biology grade) prior to dissolving protein and ° B é ]
rechecked after protein dissolution to ensure negligible £ 25| ."Qz —— 36 1 |
changes. All protein samples had an initial concentration of g T(C) ) § H

nominal dimer or trimer of ca. 3% by area as determined “"g 20 g f

from size-exclusion chromatography and the manufacturer’s s

specification of 80 kDa upper MW cutoff for resolution on © 15} i
the column. Samples composed nominally of all aggregated

protein were prepared by thermostatting initially monomeric 10 : ,
protein solutions at 68C for a minimum of six times the 20 30 40 50 60 70 80
half-life for monomer loss at the initial protein concentration T(°C)

of interest. Fully aggregated samples were quenched in anggyre 1: Absolute heat capacity of aCgn reversibly unfolded
ice—water bath after preparation. Size-exclusion chroma- during thermal scanning in DSC at 8C/h (black circles) with
tography was used to verify that the monomer fraction two-state fit (gray line). The inset shows3°(T) calculated from
remaining was less than 0.05 in all samples consideredthe two-state fit of the DSC data.

completely aggregated. All protein solutions (aggregated and gt 60°C/h. All samples were cooled and reheated to confirm
unaggregated) were refrigerated+2 °C) and used within  reyersibility. The corresponding buffer/buffer baseline was

1 week of preparation. _ subtracted from each scan. The raw data were converted to
Preparation of Urea-Protein SolutionsConcentrated urea  gpsolute heat capacity using eqsB)Y

(8—10 M) stock solution in 10 mM sodium citrate buffer _
was prepared gravimetrically with urea (Fisher Scientific, _ v, ACp,app
Pittsburgh, PA, ACS grade), citric acid monohydrate (Fisher Cpabs™ Gpwyy, ~ m, @)
Scientific, Pittsburgh, PA, ACS grade), and deionized -
distilled water described above. Solution pH was adjusted wheret, .»sis the absolute, partial specific heat capacity of
to pH 3.5 with hydrochloric acid (Fisher Scientific, Pitts- the proteinc, . is the heat capacity of pure wat&f, is the
burgh, PA; certified ACS Plus grade). Urea stock solution specific volume of pure wately, is the partial specific
was stored in &20 °C freezer until used. Protein solutions  volume of the proteini, is the mass of protein in the cell,
at differing urea concentrations were prepared gravimetrically and Ac, app is the difference in DSC signal (scaled by scan
by dilution using the urea stock solution, protein stock rate) between the protein scan and the average buffer/buffer
solution at nominally 1.0 mg/mL, and pH 3.5 10 mM citrate scan. Solvent properties were assumed to be essentially
buffer. Molarities were calculated using the polynomial identical to those of pure Wate\_vp at 25°C was 0.733 mL/g
expression for urea density as a function of molality and (59). The temperature dependencé/givas calculated from
temperature §7). Protein solutions containing urea were Chalikian et al. 81) assuming negligible pH dependence
stored at room temperature and used within 1 day of between pH 2.0 and 3.5. Statistically indistinguishable values
preparation. for the fitted parameters were obtained if this temperature
Circular Dichroism (CD).Experiments were performed dependence was neglected. Protein mass was calculated from
on a Jasco Inc. (Easton, MD) J-810 spectropolarimeter with m, = V¢aiCo, WhereV is the manufacturer’s reported DSC
a Jasco PTC-424S Peltier temperature controller. Spectracell volume. Data were converted to molar scales (monomer
were obtained from 260 to 200 nm at a scanning rate of 50 basis) for fitting and presentation.
nm/min in a 1x 10 mm cuvette. Isothermal, equilibrium The DSC data were regressed against a standard two-state
spectra were measured with 0.1 and 0.4 mg/mL aCgn model of folding/unfolding %8, 60) assuming a linear
samples from 20 to 88C in 5°C increments. Samples were temperature dependence of the partial molar heat capacity
cooled after heating and the spectrum retaken to ensureof native protein §n(T)) and a temperature-independent
reversibility. At each temperature, samples were allowed to partial molar heat capacity for the unfolded proteipy).
equilibrate for 5 min prior to obtaining spectra, and a The regression provided fitted values and confidence intervals
minimum of 3 spectra were taken and averaged. The for the midpoint unfolding temperaturdy), the enthalpy
corresponding buffer spectrum was subsequently subtractedchange AHo) of unfolding atTo, Tyu, Con (T = 25°C), and
Mean residue ellipticity (MRE) in degm?/dmol was cal- the slope ofc,n(T) with respect to temperatured@l /dT).
culated from MRE= 0.16;)(MW)Cy*d"In,"* with 6; The value ofAGY%,, as a function ofl was calculated from
defined as the ellipticity in mdeg at wavelendtn, denoting these parameters using standard thermodynamic analysis
the number of amino acids per monomey, the solution (61) while accounting explicitly for thel dependence of
concentration in mg/mLd the cuvette path length in cm,  Acyun (=Cou — Coa(T)) (58, 60). Additional details are pro-
and MW the monomer molecular weight in g/mol. vided in the Appendix. The calorimetric enthalpXHca)
Differential Scanning Calorimetry (DSCExperiments was calculated by integrating the heat capacity data in
were performed with a VP-DSC (Microcal, Northampton, Figure 1 with respect to temperature after subtracting the
MA). A series of at least 5 buffer/buffer scans was used to sigmoidal heat capacity baseline of the native to unfolded
establish instrument thermal history and to obtain the transition 60).
instrument baseline prior to each sample measurement. Size-Exclusion Chromatography (SEGJonomer con-
Samples of 0.2 mg/mL aCgn were heated from 20 t6@0  centrations in solution were quantified using a Waters
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Alliance 2695 separations module with a Waters 2996 The temperature of the samples during the experiment was
photodiode array detector and Protein-Pak X.800 mm controlled to within 0.2C with an external circulating water
size-exclusion column. Samples were maintained &4  bath. The data were regressed to a single exponential in
prior to injection, with the column held at room temperature, Matlab to determine the apparent rate coefficient for
nominally 20-22 °C. The injection volume was either 100 equilibration of folding-unfolding (,—) for each post-

uL or 50 uL; the smaller injection volume was used for mixing urea concentration. Double-exponential fits were also
samples with high protein concentration to avoid column considered but did not demonstrate an improvement over
overloading. The mobile phase (isocratic) was 0.5% (v/v) the single-exponential model under the conditions investi-
phosphoric acid (Fisher Scientific, Pittsburgh, PA, Certified gated here. Thi,—s values were used to construct Chevron
ACS grade) in distilled deionized water adjusted to pH 2.5 plots at each temperature and were nonlinearly regressed
with 5 M sodium hydroxideZ4, 28). The mobile phase flow  against eqs 57 (64) using Isqcurefit (Matlab). The
rate was 1.0 mL/min. External calibration standards were regression provided values and confidence intervals at each
made independently by mass, and run with each sample settemperature for the unfolding and folding rate coefficients
Monomer concentrations were calculated from peak area atat zero ureak? and k®, respectively) and for the corre-
280 nm, integrated by the Empower software, and calibrated spondingmy, Values for the unfolding and folding branches
against the external standards over the linear range ofof the profile fn, andmy, respectively).

detection for the standards.

Equilibrium FluorescenceMeasurements were performed In(k,) = In(kuo) + my[urea] 5)
with an ISS PC1 spectrofluorometer (ISS, Champaign,
lllinois). Excitation and emission slit widths were 10 nm. In(k) = In(kfo) + mJurea] (6)
Samples of 0.05 mg/mL aCgn were excited at 280 nm, with
emission monitored from 300 to 450 nm in @210 mm In(k, ) = In(k, + k) @)

cuvette. The temperature of the sample unit was maintained
at 26, 30, 34, or 38C (within 0.2 °C) with a circulating
water bath. All samples were incubated directly in the bath
prior to measurement to ensure equilibrium conditions. A
minimum of 3 spectra were measured and averaged for eac
sample, with corresponding average buffer spectra subtracte
after sample averaging. The spectral center of mass (COM)
was calculated for each spectrum from ecp2)(

Static Light Scattering (SLSpamples with total protein
concentration of 1.2 mg/mL were aggregated at°65to
hgreater than 95% aggregate and subsequently quenched in

n ice-water bath or jumped to 80, 85, or 9C by manually
ransferring selected sample vials between water baths that
were pre-equilibrated at the desired temperatures. Jumped
samples were subsequently quenched on ice after hold times
of 5, 10, or 30 min at the new temperature. Each sample
Z (@, was then diluted gravimetrically with buffer to concentrations
(4) of 0.05, 0.1, 0.2, 0.3, and 0.5 mg/mL. SLS measurements
were made with a Brookhaven Instruments Corp. (Holtsville,

ZIA NY) apparatus equipped with a Lexel model 95 Aon laser

set at 488 nm, a BI9O0OOAT correlator, and a BI200SM
goniometer. All measurements were performed in a ther-
mostatted cell at 20C. The weight average molecular weight
(IMWL]) was determined from global regression of the
scattered intensity against the Zimm equation (e8) &s
a function of protein concentratiorc,(mass basis) and
scattering anglefs.9.

COM=

wherel is the wavelength, antj is the emission intensity
at 1. The urea-unfolding COM data from each temperature
were fit to a standard two-state model assuming linear pre-
and post-transition baseline63j. The fit was performed
globally using the nonlinear least-squares funclgurefit

in Matlab (The Mathworks, Natick, MA). The regressed

parameters were the slopes and intercepts of the COM for 2 2
each of the native and unfolded states, thg, value for Ke _ (L + ZBZZC)(I + qRy ) (8)
urea dependence &G°,, and the concentratiorC{,q) of Rex  \IMWL, 3

urea at whichAG%, equals 0 for that temperature.

Stopped-Flow FluorescencéVleasurements were per- WhereK is an optical constant defined &= 4x?n(dn/
formed with an Applied Photophysics Spectrofluorimeter dc)?Nalg, n is the refractive index, mdc is the refractive
model SX.18MV-R (Applied Photophysics, Leatherhead, index increment of the protein solution (assumed to be 0.192
U.K.). Folding was induced by mixing equal volumes of mL/g for aCgn),Na is Avogadro’s number], is the laser
protein in non-native-favoring urea concentrations with a wavelengthin vacug Rexis the excess Raleigh ratio defined
solution of lower urea concentration to achieve a final, native- asRex= (I — lo/l1ef)(No/Nrer)? Reer, | is the scattered intensity,
favoring urea concentration. The analogous but reverseReis the Raleigh ratio of toluen®&,, is the osmotic second
procedure was used to induce unfolding. Folding/unfolding virial coefficient,q is the magnitude of the scattering vector
was monitored at 26, 30, 34, and 38 over arange of urea  defined ag) = 4nn sin(@s.42)/40, andRPL is thez-average
concentrations that bracketed tig,q values determined  of the square of the radius of gyration. The subsci@esd
independently from equilibrium fluorescence measurements.ref on n and | denote quantities for buffer and toluene
Fluorescence excitation was at 280 nm. The integrated standard, respectively.
emission signal was monitored over time with a 305 nm  Monomer Loss Profilesvionomer loss experiments were
cutoff filter until either the signal reached a plateau or the performed for samples with selected initial protein concen-
maximum instrument monitoring time (1000 s) was reached. trations between 0.2 and 4.0 mg/mL at temperatures from
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55 to 80 °C. Aliquots of 1.3 mL were pipetted into 0.8
deactivated borosilicate glass HPLC vials (Waters, pn 0.7 _(a]
186000272DV, total fill volume 1.5 mL), hermetically sealed

with an unslit screw cap (Waters, pn 186000274) and 06}
incubated in a water bath at the desired temperature (within 0.5
0.2 °C). Each vial was removed after a selected incubation 04
time and quenched by immediate manual immersion in an i
ice—water bath for a minimum of 5 min. Monomer concen- 0.3
tration was determined from SEC as a function of incubation 02
time for a given initial protein concentration and temperature.

The data over caone or more half-lives were regressed O
against eq 1 for different integer values®f{= 1, 2, 3,...) %00
using a nonlinear least-squares algorithm (Matlab). Values

and confidence intervals were obtained for edafalue for

the two fitted parameter&ops andCo. The latter parameter 355
is implicit in the definition ofm because data were collected
as absolute monomer concentratidvi].[ The best fit was
selected as that which minimized the relative 95% confidence
intervals onksps and maximized the randomness of the
residuals. In practice, only = 1 or 2 provided reasonable
representations of monomer loss kinetics data at all condi-
tions tested.

Temperature-Jump Depolymerizatidremperature-jump 340
experiments were performed to quantify the depolymerization
of aggregates at elevated temperatures. Samples with total X
protein concentrations of 1.2 mg/mL were incubated in a 335
water bath at temperatui®. The monomer loss profile at
T, was generated as described in Monomer Loss Profiles.

Intensity (AU)

350 400 450
Wavelength (nm)

350

345

1/COM (nm)

[urea] (M)

At a selected time, a set of vials were moved from the water FIGURE 2: (a) aCgn fluorescence emission spectra af@eor

. . [urea]= 0, 3, 3.5, 4, 5, and 6 M. (b) Fluorescence center of mass
bath atT, into a second water bath pre-equilibrated at a as a function of urea concentration for monomer at®6 30 (©),

higher temperaturd,. Monomer recovery was monitored 34 @), and 38°C (O). The lines are the corresponding fits to the
by removing samples at selected times from the water bathtwo-state unfolding model.

at T, quenching immediately in an ieavater bath, and

quantifying monomer concentration with SEC. Table 1: AG%, (kcal/mol) Values from Different Techniques
equilibrium stopped-flow
RESULTS T(°C) DSC fluorescence fluorescence
: . . 26 11.1[9.3,12.9] 9.9[8.4,11.4] 8.6 [6.9, 10.4]
' Thermodynamms. gnd Dynamics of Unfoldifidpe revers- 30 10.3[9.1, 11.5] 9.2[8.1 10.3] 7.3[6.1. 8.4]
ible unfolding transition of aCgn was evaluated with DSC, 34 9.3[8.6, 10.0] 8.1[7.1,9.1] 6.2[4.5, 8.0]
equilibrium fluorescence, stopped flow fluorescence, and CD. 38 8.1[7.8,8.4] 6.8[5.4, 8.2 6.3[3.7,8.9]

Figure 1 ShOWS. an equilibrium DSC_: scan using 0.2 mg/mL  aThe values in brackets indicate confidence intervals from global
aCgn. The relatively low concentration was chosen to enabletwo-state model fits of the respective data sets. Both upper and lower

the unfolding transition to occur with less than 5% aggrega- bounds are shown because they are not necessarily symmetric about

tion over the entire first scan, as determined by SEC andthe mean due to the nonlinearity of the model equations. Entries are in
L ! d the following format: value [upper bound, lower bound].

the lack of a significant scan-rate dependence in the DSC

(not s.hown). The ab_solute heat capacity ”O”? eq 2 an_q theinterval of 0.5 kcal/moM. The values oAGY,, at zero [urea]
resulting two-state fit are shown. The unfolding transition

; . 0 i i

is characterized bp\G®(T = 25 °C) = 11.2 + 2.0 kcal/ along Wlth the corresponding 95% confidence intervals are
- _ o~ shown in Table 1.

mol, AHo = 144+ 1 keal/mol,To = 58.70+ 0.01°C, Gon- Folding and unfolding rate coefficients were determined

(T=25°C) = 9.8+ 0.1 kcal/moiK with a slope of 0.13¢ 9 g

5 S as a function of urea concentration by stopped-flow fluo-
0.01 keal/moiK®, andc,y= 14.9+ 0.1 kcal/molK. rescence at 26, 30, 34, and 3B. Representative time-course

Figure 2a shows a representative set of equilibrium gata along with the corresponding single-exponential fit are
fluorescence emission spectra at varying urea concentrationgnown in Figure 3a. Figure 3b shows the resulting chevron
at 26°C. Figure 2b shows equilibrium fluorescence COM  ¢yryes for each temperature. The rate coefficient data in the
as a function of [urea] at 26, 30, 34, and 3B. The curves  cheyron plots were fit as described in Materials and Methods
are fits to the two-state model (see Materials and Methods) g gptain values of the unfolding and refolding rate coef-

for each temperature. The regressed midpoint unfolding ureasicients & 0 M urea. Using eq 9AG%, values were
concentrations ar€iq = 4, 3.5, 3.2, and 2.6 M for 26, 30,  determined from the stopped-flow data.

34, and 38°C, respectively. The 95% confidence intervals

of the fitted Crig values in each case are no more than 5%. — AGuno kuo T
The myea Value is essentially independent of temperature, Kun = ex T T 1 9)
with an average of 2.5 kcal/mdll and a 95% confidence K K~ Tu
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FiGUre 3: (a) Representative stopped-flow data for aCgn unfolding
from 3 M urea to 6.1 M uread) and refolding fron 5 M urea to
2.5 M urea f) at 26°C. (b) Chevron plot at 264{), 30 (©), 34
(m), and 38°C (). The error bars on all points are smaller than
the symbols.
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Ficure 4: Folding—unfolding aggregation rate diagram. Experi-
mentalz, values @), 7; values ©), and ¢,z ?)2 values #, )
are overlaid with an Arrhenius fit of, (gray line) and calculated
curves forr,—¢ (black line) andr; (dashed line) as a function of
inverse temperature based on eq 9.

Andrews and Roberts

N aggregate

MRE x 10 (deg-cm?%dmol)

-15 ' ' '
195 210 225 240 255
Wavelength (nm)

Ficure 5: CD spectra of monomeric aCgn at temperatures from
20 to 80°C in ca. 5°C increments (colored lines), with the arrow
indicating increasing temperature. The aggregate spectrum at
20 °C (black line) is shown for comparison.

1kP, 7, = 1k\L). The unfolding time scale or rate coefficient
(zy in Figure 4) follows Arrhenius behavior. The refolding
rate coefficient data do not exhibit a strong temperature
dependence within statistical uncertainty. Therefore, the curve
for refolding rate coefficients was calculated from eq 9 using
the fitted values ok, from stopped-flow fluorescence, along
with AGY,, values as a function of temperature from the DSC
data.

Structural Changes upon Unfoldingigure 2b shows the
changes in fluorescence COM upon unfolding with urea at
low temperaturesT < To), specifically a red shift with
increasing [urea] that is indicative of increased solvent
exposure of fluorescent side chains. The secondary structure
changes accompanying the transitions from the native to
unfolded state were monitored using far-UV CD. The spectra
corresponding to the thermal unfolding of aCgn are shown
in Figure 5. The wavelength corresponding to the maximum
signal change is ca. 225 nm. Although not shown separately
in Figure 5, Pl2zs as a function of temperature shows a
distinct sigmoidal transition with a midpoint between 55 and
60 °C, in agreement with the calorimetric data. Compared
to what is typically observed in far-UV CD when secondary
structure is significantly disrupted upon unfoldir@g( 67),
the changes in Figure 5 are relatively minor and quantita-
tively consistent with those reported previously for aCgn
under similar conditions3Q).

Structural Changes upon Aggregatiorhe spectrum of a
fully aggregated sample is shown in Figure 5. Its signal is
characteristic offi-sheet and is pronouncedly different from
the native and unfolded spectra. The far-UV CD spectrum
for the aggregate is essentially independent of temperature.
Therefore, for clarity only the spectrum for 2C is shown
in the Figure. Additional observations regarding the kinetics
of f-sheet formation are included below (see Aggregate
Dissociation).

Monomer Loss KineticdMlonomer loss as a function of

These values are listed in Table 1 along with their 95% time was monitored with chromatography across a broad
confidence intervals calculated from the confidence intervals range of initial protein concentrations and temperatures.

on k2 andk®.

lllustrative chromatograms of selected time points are shown

Figure 4 shows the characteristic time scales of unfolding in Figure 6 from an isothermal incubation at 8&. All
and refolding as a function of inverse temperature, obtained detectable aggregates that formed during incubation were

from the corresponding rate coefficientsaM urea ¢; =

found to coelute at ca. 6.5 mL, followed by the monomeric
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Ficure 6: lllustrative HPLC chromatograms for samples quenched T 2 £ “
from incubation at elevated temperature. The arrows represent the o 4
direction of increasing incubation time. M i
B -6
# & 2 4 2 e Ir?{g f{r?mgm?L?} b
. In(C f(mg/mL})) o
protein at ca. 8.5 mL, and the buffer at ca. 11 mL. On the 4 2
basis of previous data with the SEC method employed here i oal}y
(24, 28), along with the manufacturer’s specification of a 2| s Of oo}’
80 kDa MW cutoff, we estimate that all aggregates signifi- = o ?E 2|
cantly larger than a trimer will co-elute. With the exception Eé 2 g . =
of the nominal dimer/trimer peak at a retention time of ca. = z o oy
7.7 mL, we did not detect any species intermediate in size 6 5
to the monomer and the lumped aggregate population in the 35 - rA-M o
peak at 6.5 mL. The peak at 7.7 mL is believed to be residual 5 1 05 0 05 1 15 B =T DE 0 05 4 1%
inactive species from purification during its commercial In(C,/(mg/mL)) In(C,/(mg/mL))

preparation, and it does not systematically correlate with Ficure 7: Monomer loss kinetics. Main panels: kg vs In(Co)
monomer loss or growth of the 6.5 mL peak. Under all from full profiles (closed symbols) and initial rates (open symbols)
conditions used here, the 7.7 mL peak is essentially depletec®t (&) 55°C, (b) 60°C, (c) 65°C, (d) 70°C, (e) 75°C, and (f)

L . . . 80 °C. Insets: monomer fraction \#s, for 0.2 (¢#), 0.8 ©), 1.2
before significant monomer loss occurs during incubation (W), and 2.0 mg/mLm) for temperatures corresponding to the main

at elevated temperatures. panels. Only these four concentrations are shown for purposes of
The inset in each panel of Figure 7 shows reduced legibility. The lines in the insets represent purely first-order (black)

monomer concentratiom( = [M]/C,) versust/ts, for the and second-order (gray) kinetics.

temperature corresponding to its main panel, wheyas 0 1

the time for 50% loss of monomem(= 0.5). Different | sl

symbols denote different concentrations for a single tem- -1

perature. The data are plotted versfis to permit data on 2 wimiclfi = 108
largely different time scales to be displayed simultaneously w;‘ 3 = il

and to make qualitative similarities and differences in the 1= 1ll . m u 06:05‘_
time profiles more transparent. The value @ was T2 41 P a @ # 0
determined via interpolation of then(t) data if the data x° 5 | & 04¢c
extended past a half-life or from the fittéghs andC, values = il - o\ ®

for conditions when aggregation proceeded too slowly to -6 & 3 L g 02
reachm = 0.5 before the experiment was halted. The solid 2o | Y=L ‘
lines in each plot are included as references to show the shape i Py

of perfect first-order or second-order kinetics when plotted 8 285 29 295 3 305 3|10

as m versust/tso. The curves illustrate that typically the 1000/T (1/K)

experimental data closely follow the first-order profile, except FiGURE 8: Comparison okypsand unfolded fraction of monomer

at elevated temperatures (75 and°&0) where the second- s inverse temperature for 0.2)( 0.8 ©), 1.2 @), 2.0 mg/mL
order profile is a better representation. Each monomer loss(). The gray line show$; = fy calculated from DSC data.

profile was regressed numerically against eq 1, as described

in Materials and Methods, to determine which reaction order (fr = fyu = Ky /(1 + Kyp)) is also shown in Figure 8. Thig

(6) was statistically more appropriate as well as obtain the profile was calculated from the thermodynamic parameters

correspondinds,s value and its statistical confidence interval. of unfolding regressed from the DSC analysis described in
Figure 8 showk,,sas a function of temperature for each Materials and Methods.

initial protein concentration. The aggregation rate coefficient  Concentration Dependence af,kand Determination of

is highly temperature dependent and has a maximum at orNucleus Size (X)The dependence dps On initial protein

slightly below 65°C at all protein concentrations studied. concentration@) is shown in the main panels of Figure 7.

For comparison, the fraction of reactive or unfolded monomer Each panel corresponds to a different sample temperature.
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Table 2: Nucleus Sizex)and the Number of Monomers in a 1 T T T
Kinetic Event during Growthd) as a Function of Temperatdre \
T(°C) 0 X 0.8 $ 1
55 1 3(1) \
60 1 3(1) 061} k i
65 1 4(1) ' ® O
70 1 2(1) g <‘>\ )
e , 72((4;)) 04} g ©
N\
8(3) At SRS
80 2 1(1) 0.2} “0-,_’
11 (3) o
a Symmetric confidence intervals farfrom the linear regression of

In kops VS In Cp are given in parentheses. Entries with twealues list 00 5b 160 150 260 250 300

the value for the lowE, branch above that for the higby one. Time (min)

. L FIGURe 9: Monomer fraction vs time folCo = 1.2 mg/mL as
A truly first orderkopsis independent o€, and would appear  qeasured by SEC (closed symbols) or by CD using eq 10 (open

as a horizontal line in Figure 7. symbols). Samples were either held at %5 (¢, ¢) or held at
In eq 2, the quantitief, 74?, andz,© each are functions  75°C before being jumped to 8% (®, O). The dashed line shows

of only temperature, pressure, and solvent composition. the fit of SEC data to eq 1 with = 2.

Therefore, the slope of k{9 versus InCo) gives a value 1e

for (x+ 0 — 1)/2 for each set of conditions in Figure 7. The S
value of ¢ is determined from the fit of the monomer loss
profiles (see Monomer Loss Kinetics, Results section). The 0.8 i
resultingx values can be calculated from the slopes in Figure T =90°C
7 and are reported with their 95% confidence intervals in 0.6 &so
Table 2. S 85°C
Aggregate DissociationEmpirically, we observed that 04 6o |
aCgn aggregates created during the monomer loss experi- AA
ments described above dissociate if they are placed at 80°C
elevated temperatures or intermediate concentrations of urea 02 AD i
at ambient temperature, but do not dissociate upon cooling o
even when held for multi-week time scales. A detailed 00 20 20 60 80 100 120 140

description of dissociation in urea is saved until a future
report, but preliminary results show that sufficiently high _ _
concentrations of urea completely dissociate the aggregate$IGURE 10: Monomer fraction (SEC) vs time f@ = 1.2 mg/mL

to monomers that are able refold to the native structure, ash€!d isothermally at 63C (¢) before jumping to 800), 85 (&),
. nd 90°C (). The closed circles represent the calculated monomer
detected by CD and fluorescence when subsequently d'alyze(ﬁaction from SLS data (eq 11). The solid line is a fit of 85 data

Time (min)

into native-favoring conditions. to eq 1 withd = 1.
The remainder of this section describes two temperature- .
jump experiments used to help assess whefhsheet Figure 10 shows a comparison of the results of a

structure in the monomer is necessary to maintain an temperature-jump experiment monitored by chromatography
aggregated state and to characterize the relative enthalpie@nd SLS. Samples were incubated at65or 100 min and

of the unfolded and aggregated states. Figure 9 shows théhen jumped to 80, 85, and 9TC before subsequently
results for initially monomeric samples with, = 1.2 mg/ guenching at later time points. The fraction of monomer
mL that were thermostatted at 76, with selected samples remaining was quantified with chromatography for each
jumped to 85°C at 75 min before subsequent quenching. sample. Selected samples at each temperature (indicated by
All samples were analyzed with SEC after quenching. The ® in Figure 10) were additionally analyzed with SLS to
CD spectra of jumped and unjumped Samp|es were a|sodetermine the Weight-averaged molecular WEight. The pre-
obtained at 20°C after quenching and dilution to 0.4 mg/ Jump average aggregate size was 160 monomers; the post-
mL. The CD spectra were converted to apparent fraction of jump average aggregate sizes were ca. 140, 100, and 70
monomer remaininghicp) by regression against eq 10, which monomers for jumps to 80, 85, and 80, respectively. All
assumes that-sheet formation requires a protein chain to reported aggregate sizes have 95% confidence intervals of

be part of an aggregate (as detected by SEC). no more than 10% of their reported values. A mass balance
for monomer recovery based on the SLS measurements is
0 = Mepf + (1= Mep)0, (10)  given by eq 11.
In eq 10,6, and 6, are the reference spectra for monomer —m + (MWL, — WL, )(1 — my) (11)
and aggregate, respectively, at 20. In performing the Mss= My MAWL, 4

regressionf), 6, and 6, are evaluated at all wavelengths

between 260 and 205 nm, with a single valuergf as the where the subscripts 1 and 2 denote temperature before and
fitting constant for a given sample. The resultimgy values after the jump, respectively. This expression is valid only if
are overlaid with the SEC values in Figure 9. the size distribution of aggregates has relatively low poly-
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dispersity (weight avg./no. ave:1.5 or less), and the number  detected by far-UV CD. These changes occur cooperatively
concentration of aggregates is essentially unchanged byover a narrow temperature range that corresponds to the
temperature jumping. The latter is equivalent to stipulating unfolding endotherm measured in DSC. These observations
that no new aggregates are nucleated and that none of théndicate the unfolded state of aCgn retains much of the native
previously formed aggregates are completely dissociated. secondary structure. Taken together with the observation that
a significant and cooperative loss of tertiary structure occurs
DISCUSSION upon unfolding, our data indicate the unfolded state of aCgn
Folding-Unfolding Thermodynamics and KineticBhe is essentially that of a molten globule at the acidic pH
AGY%, values from DSC are shown in the inset to Figure 1 conditions employed here. These observations are also
over the temperature range in which experimental results areconsistent with previous thermal unfolding studies of aCgn
reported here. The values from DSC, equilibrium fluores- at acidic pH 80, 31), and the native crystal structure of aCgn
cence, and stopped-flow measurements are provided forin which a large fraction of amino acids are not clearly
specific temperatures in Table 1. All values at a given classified as helix or sheet%).

temperature are the same within their respective 95% |5 contrast to the structural changes upon unfolding, the
conﬂdgnce intervals. In addition, the ratio of t_he calorimetric aggregate spectrum has a characterfstbeet profile typical

to van't Hoff enthalpy calculated from the fit of the DSC ¢ on_native aggregates. Furthermore, the evolution of the
data shown in Figure 1 is 0.98 0.01. These results,  cp_getected monomer levels (Figure 9) quantitatively aligns
combined with the observation that both folding and unfold- | it SEC-detected monomer loss and recovery before and

ing show single-exponential kinetics in stopped-ﬂovy experi- after a temperature jump, respectively. Together with the
ments across all temperatures and urea concentrations tested,, -, changes in CD-detected secondary structure for

indicate that a two-state model of unfolding is an accurate
(macroscopic) representatiodid{ 69) for aCgn at both high
and low temperatures. The absolute heat capacity 4C20
(9.3+ 0.2 kcatmol™* K1) as well as the unfolding enthalpy
and heat capacity changetare consistent with previous
studies 81, 70—72).

Based on the discussion regarding aggregation-limited
versus unfolding-limited kinetics in the Introduction, we see
from a comparison of the time scales in Figures 4 and 8 that
aCgn aggregation is clearly aggregation-limited under all
conditions here. The foldingunfolding time scale (Figure
4) is at least 2 orders of magnitude lower than that for even
the fastest aggregation ratdg,{ maxima in Figure 8). It is
notable that this observation is despite apparent first-order
monomer loss kinetics over much of the temperature and
Co conditions in Figure 7. In conjunction with the stro@g
dependence ok,ps these results provide a conclusive
experimental illustration that (apparent) first-order aggrega-
tion kinetics on their own do not allow one to conclude that
a monomolecular step such as unfolding is rate-limiting. The ~ Negatve Actvation Energies and Intrinsic Timescales of
apparent first-order kinetics in the aggregation-limited case Nucleation and GrowthEquation 2 shows that the observed
is instead an indication that aggregate growth occurs by rate coefficient for aggregation under aggregation-limited
monomer addition35, 36). conditions depends on essentially three contributions: the

Conformational Changes upon Unfolding and Aggrega- €quilibrium fraction unfolded or reactive fraction of mono-
tion. The results in Figure 2 show that there is a significant mers {u = fgr) raised to the powerx(+ 0)/2; the ratio
fluorescence emission COM change accompanying unfold- Co/Cref raised to the powex(+ o0 — 1)/2; and an intrinsic
ing, indicative of exposure of Trp and Tyr groups to the time scale of aggregation defined as the geometric mean of
solvent, as expected when significant disruption of tertiary the intrinsic time scales for nucleation and growtg%,(©)2
structure occurssp, 67). The spectra in Figure 2a show that The value offy was calculated as a function of temperature
fluorescence intensity generally increases upon unfolding in from the thermodynamic parameters regressed from DSC,
urea at low temperatures. This is in contrast to the expectedas described in the Results section regarding Figure 8. The
decrease in intensity upon unfolding if the solvent acts to values of x and 6 for each temperature an@, were
guench fluorescence relative to the apolar protein interior determined as described in the Results section using the data
(66, 67) but has been observed in other systei@®).(This in Figure 7. We selected a reference concentrafien= 1
behavior for aCgn has been previously observed by Poklarmg/mL (= 38.9 uM, monomer basis) to determine the
et al. (74), although its precise structural basis does not Co/Cret contributions for each condition. Thiy and Co
appear to be conclusively known. Overall, our data and thosecontributions were then factored out from edgh value to
of others for thermal unfolding under similar conditioB4) provide values of §,974®)¥2. The inverse of this quantity
indicate a significant and cooperative loss of tertiary structure is essentially the intrinsic rate coefficient for aggregation.
for aCgn upon unfolding. Recall that the intrinsic values are those under reference

Figure 5 indicates that only subtle changes in secondary conditions where all monomers are in the unfolded or reactive
structure occur between the native and unfolded states, aconformational state and the monomer concentration is set

monomer unfolding, these observations suggestitsiteet
conversion predominantly occurs upon aggregation, rather
than occurring as a stable structure in the monomer precursor
to aggregation. Without being able to isolate reversible
aggregates (i.eR, i = 2, ...,xin Scheme 1), it is not possible

to conclusively determine jf-sheet is present in only the
irreversible aggregatesA(in Scheme 1) or also in the
reversible species. The quantitative and semi-quantitative
agreement between CD- and SEC-monitored monomer loss
and recovery further confirms the observation from SEC that
no prenuclei or reversible non-native oligomers are suf-
ficiently populated to be detectable with bulk assays. Finally,
as discussed below, the majority of monomer consumption
or recovery, respectively, is due to growth or depolymeri-
zation of existing aggregates under the conditions in Figures
9 and 10. Thus, it is reasonable to conclude thatheet
conversion occurs as part of the rate-determining step in
growth or that it occurs very soon after that step.
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at Cer. The values obtained by this procedure are shown as This last result is important in that it indicates the
diamonds in Figure 4. temperature-jump data inform on the relative energetics of
From Figure 4, we see that the intrinsic aggregation rate the growth phase (stage 4 in Scheme 1), without being
coefficient decreases with increasing temperature (i.e., convoluted by reversal of the nucleation stage. Bearing this
(9742 increases as T/decreases) and this therefore in mind, from LeChatelier's principle the dissociation of
indicates a negative net activation energy. At fixagthere aggregates upon temperature jumping indicates the enthalpy

are only two temperature-dependent termigig (7,Or,®)Y2 of aggregates (after nucleation) is significantly lower than
andfr (= fy). The derivative of Infy with respect toT is the enthalpy of the unfolded monomer. Based on only the
necessarily positive and approaches zero whéensignifi- present results, it is not possible to quantitatively determine
cantly higher tharT, (60). This is also evident from thi this enthalpy difference or compare it to the difference
curve in Figure 8. AT more than a few degrees abovg between folded and unfolded monomer determined from
fu is essentially one, but below this it is a strongly increasing DSC. However, our preliminary data indicate it is sufficiently
function of temperature. Thus, the maximum kigs with large to be detected during DSC experiments at higher protein

temperature is due to a competition between the temperatureconcentrations than those used to generate Figure 1 (An-
dependence of the foldirgunfolding equilibrium and that  drews, J., and Roberts, C., unpublished work). A more
of the intrinsic rate coefficient for aggregation. The former detailed investigation of this behavior is currently being
contribution dominates at lowd@rand causeky,sto strongly completed and will be provided in a future report.

increase withl below approximatelyfy. The latter dominates Nucleation Occurs through More than One Nucleus Size.

at higherT and results in the net negative activation energy Table 2 shows th& values obtained for each temperature

significantly aboveT,. from the regression of data in Figure 7 (main panels) against
The physical reason for the increase i ¥r,®)¥2 with eq 2, withd set by the apparent reaction order for monomer

increasing temperature cannot be unambiguously deducedoss versust/tsy (insets in Figure 7). The most striking
from the available data. This is at least in part because observations in Figure 7 and Table 2 are: (1) at sufficiently
(@712, or equivalentlykyss contains information about  high temperatures (70C and above), there are two statisti-
both nucleation and growth. This is a problem common to cally differentx values corresponding to distinct branches
all kinetic rate coefficients that are extracted from data such in the Inkopsversus InCy profiles; (2) the dominant nucleus
as monomer loss, aggregate mass conversion, overall dyesize for the highcy branch (highT only) increases with
binding to aggregate, and turbidity. This convolution is increasing temperature and is always greater than that for
also independent of whether one uses initial-rates?or  the low-Co branch; and (3) within statistical uncertainty, the
analysis 21, 22, 37), or bases the analysis on kinetics dominant nucleus size for the lo@ branch is between two
measured over one or more half-live35( 36, 38). We and four for all temperatures. These results are noteworthy,
instead simply note that our data in Figures 9 and 10 suggestconsidering that it is common practice to assume a simpler
p-sheet conversion is part of the rate-limiting step for growth scenario in which only ong& value need be considered for
and that the characteristic folding time)(for aCgn also a given protein or solution condition.

displays a negative activation energy of similar magnitude  Preliminary calculations with a version of our LENP model
over the same range of temperature in Figure 4. The datain which two nucleus sizex@ndx, x < x) compete with
are therefore suggestive but not conclusive that the processesach other show behavior equivalent to that shown in Figure
of folding and structural conversion as part of nucleation 7d—f. Specifically, the model predicts two distinct linear
and growth have some common kinetic features. If this regimes for Inkg,s versus InCo, providedx andx' differ by
similarity has a mechanistic basis, then by analogy to folding a value of 3 or more. Therefore, although our data at lower
it suggests the structural conversion fiasheet during temperatures do not show two distinct branches within
aggregation (after monomer unfolding) has a significant statistical uncertainty, we do not anticipate the resolution of
entropic barrier at high temperatures but may be dominatedour ks values versug€, is sufficient to discern a difference
by an enthalpic barrier at lower temperatures, (77). in xandx smaller than those found here for ZD and above.

In an effort to help elucidate the effects of temperature Thus, it is possible that two competing nucleus sizes exist
on aggregate stability and aggregation kinetics, a series ofbelow 70°C, but the size of the larger one approaches that
temperature-jump experiments frof(starting temperature)  of the smaller one as temperature is reduced.
to T, (ending temperature before quenching on ice) were The physical reason for two competing nucleus sizes is
performed as described in Materials and Methods. The not known at this point. We speculate that in principle any
guantitative agreement between monomer loss/recovery bynon-native oligomer size could be the nucleus but that certain
SEC and CD are consistent with a viewpoint in whitkheet stoichiometries or cluster numbers have more favorable
structures are a key stabilizing factor in maintaining the monomer-monomer contacts or permit larger, cooperative
aggregated state. Furthermore, the quantitative agreement irstructural fluctuations to occur, and these characteristics make
Figure 10 between the amount of monomer recovered, asthe structural conversion tg-sheet or the formation of
determined chromatographically, versus that inferred by cooperative, strong inter-protein contacts more facile. It is
measuring changes in the aggreg@é\L before and after ~ also conceivable that different nucleus sizes will give rise
temperature jumping can hold only if the number concentra- to different aggregate morphologies. It is notable that the
tion of aggregates is essentially unchanged by the depolym-larger nuclei are suppressed by lowering the temperature.
erization process. Thus, we conclude that aggregate disso-This might be because they are higher in enthalpy than the
ciation occurs primarily via incomplete depolymerization of smaller nuclei and therefore are preferentially stabilized by
the existing aggregates and that few or no aggregates arencreasing temperature. However, it might also be simply
fully depolymerized. because the concentration of nuclei are proportional to
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reactive monomer concentration to the power x'. If the on the time scale of minutes at elevated temperatures,
reactive monomer conformational state is Npthen as one  consistent with protein chains in the aggregates being
lowers the temperature the reactive monomer will be rapidly significantly lower in enthalpy than molten globule mono-
depopulated, and larger nuclei will be destabilized to a greatermers under the same conditions.
degree than smaller nuclei.

Finally, it is also notable that having two distinct compet- ACKNOWLEDGMENT
ing nucleus sizes rather than a continuous shift in effective  \We thank Dr. A. S. Robinson for use of the ISS fluorimeter
nucleus with increasing concentration is a result that cannotand W. F. Weiss IV for the Matlab code used to fit the
be obtained if one simply treats the rate-limiting step for equilibrium fluorescence data and the SLS data, as well as
nucleation as a size-independent association stefR fér for aid with the SLS measurements. We also thank Dr. E.
R_, — R« This can be seen by contrasting our results with W. Kaler for use of the light scattering equipment.
those of previous experimentd&, 56) and theoretical45)
work. If the rate-limiting step for nucleation is simply the APPENDIX: UNFOLDING THERMODYNAMICS
addition of another monomer to a prenucleus, then increasingFROM DSC
Co can produce a continuous change in nucleus size as
concentration increases. That is, the slope df,laversus
In Cy changes smoothly4b, 55, 56) rather than making a
discrete jump from one value to another. To the best of our

The native and unfolded partial molar heat capacities are
given by eqs Al and A2, in whicl, Cyno, andTpuo are
temperature-independent.

knowledge, the findings here regarding two distinct compet- Con=al+Cyno (A1)
ing nucleus sizes that involve conformational rearrangement B B

to nucleate have not been previously reported by other Cou = Guo (A2)
workers.

The heat capacity difference upon unfolding at any giVen
is defined as\c,(T) = Cou — Cpn, @and the subscrif in egs
Al and A2 denotes that the value is independent of

Key intermediates in the non-native aggregation pathway temperature. For the native heat capacity,’@5vas taken
of aCgn under acidic, accelerated conditions (pH 3.5 and &S the reference. temperature. The differences between
elevated temperatures) were determined from a combinationunfolded and native state enthalpy and entropy follow,
of experiment and model analysis, including: monomer loss féspectively, from egs A3 and A4.
kinetics; temperature jumps to induce aggregate dissociation; — - _ T
thermodynaﬁﬁcs, kinéticsF,) and structurglgchgnges upon (un)-AHun(T) = Hy(T) — H\(T) = AH, + fTo ACP(T)dT (A3)
folding; and scaling of aggregation rate coefficients with _ _
protein concentration. The reactive or aggregation-prone ASn(T) = Sy(T) — §(T) =
conformational state for aCgn monomers under these condi- T AC, AH, T AC,
tions is found to be a molten globule, similar to what has A+ /:ro ?dTZ o fTO ?dT (A4)
been inferred or shown for other systems. The rate-limiting 0
steps for aggregation are nucleation and growth, and growthThe value ofTy is taken here as that at whickG%, = 0.
occurs primarily by addition of one or two monomers per The right most expression in eq A4 includes the substitution
kinetic event. The nucleus size ranges from 2 to over 10, AS = AHg/T, from this definition of To. The protein heat
depending on initial protein concentration and temperature. capacity as a function of temperature is then
Unlike in previous studies where multiple nucleus sizes have df
been inferred, our data are consistent with there being & =& _v
predominantly two competing nucleus sizes and nucleation Cpabd D) = Gn(T) + FUAGT) + AH,(T) ar It (A9)
involving a cooperative conformational transition within the
nucleus rather than simply the addition of a free monomer
to a smaller prenucleus. These results, combined with

SUMMARY AND CONCLUSIONS

with fy given by eq A6, @,/dT given by eq A7, and the
subscripfT in eq A7 denoting that the derivative is evaluated

o ; o locally atT.

guantitative comparison of the kinetics of monomer loss and
[-sheet conversion, suggest the rate-limiting steps in nucle- exp(— AGunO/kBT)
ation and/or growth involvg-sheet conversion after mono- U= o (AB)
mers have reversibly associated with each other (prenucle- 1+ exp(— AG,,7kgT)
ation) or with previously formed |rrev_er_S|bIe aggregates.. The derivative off, with respect to temperature is

The observed or overall rate coefficient for aggregation
has a maximum a few degrees above the midpoint unfolding df, fu(1 — fy)AH,,
temperature, due to competition between the temperature shift ar T T T (A7)

in folding—unfolding equilibrium and the decrease in

intrinsic aggregation rates with increasing temperature. The Equations AT+A7 were used to globally fit the DSC data
intrinsic aggregation rate coefficient has a negative activation with model parameteraHo, To, a = (dTon/dT), Tono, and
energy, similar to that for folding, suggesting some level of Tyu.

analogy between the entropic and enthalpic bottlenecks for

folding and the conformational changes to non-nafiveheet =~ REFERENCES
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