
Commitment to Folded and Aggregated States Occurs Late in Interleukin-1â
Folding†

John M. Finke, Larry A. Gross, Hoang M. Ho, David Sept, Bruno H. Zimm, and Patricia A. Jennings*

Department of Chemistry and Biochemistry, UniVersity of California at San Diego, La Jolla, California 92093-0359

ReceiVed June 7, 2000; ReVised Manuscript ReceiVed September 5, 2000

ABSTRACT: A point mutation, lysine 97 to isoleucine, in the all-â cytokine interleukin-1â (IL-1â) exhibits
an increased propensity to form inclusion bodies in vivo and aggregates in vitro. In an effort to better
understand the aggregation reaction and determine when intervention may allow rescue of protein from
aggregation during renaturation, we developed a novel application of mass spectrometry using isotopic
labeling to determine the step(s) at which K97I commits to either the native or aggregated state. Interestingly,
despite the early formation of a folding intermediate ensemble at an observed rateλ2 of 4.0 s-1, K97I
commits to folding at a significantly slower rateλCF of 0.021 s-1. This rate of commitment to folding is
in excellent agreement with the observed rate of K97I native state formation (λ1 ) 0.018 s-1). K97I also
commits slowly to aggregation at an observed rateλCA of 0.023 s-1. Earlier folding species and aggregates
present prior to these commitment steps are likely to be in a reversible equilibrium between monomeric
folding intermediates and higher-order oligomers. Kinetic and equilibrium experimental measurements
of folding and aggregation processes are consistent with a nucleation-dependent model of aggregation.

Although major advances in recombinant DNA technology
during the past two decades have enabled the expression of
large quantities of protein, the desired protein is often
expressed in insoluble biologically inactive aggregates known
as “inclusion bodies” (1-4). Interestingly, the soluble native
states of these proteins are often quite stable and do not
demonstrate any propensity to aggregate once folded. One
likely hypothesis for this observation is that early non-native
states in the protein folding process compete between first-
order intrachain and higher-order interchain binding events
(5, 6). The end result of these processes is a fraction of
nascent chain folded properly in the soluble native state and
a fraction misfolded in an insoluble protein aggregate.

Studying the events leading to protein aggregation during
renaturation has posed a significant biophysical challenge
(7). Specifically, aggregation from transiently populated
kinetic states during protein folding (8, 9), as opposed to
aggregation under equilibrated conditions (10, 11), is difficult
to study because the kinetic lifetimes of most folding
intermediates are short (5). Successful experiments used to
address the mechanism of aggregation during refolding
enable either the physical trapping of folding and aggregating
intermediates (12) or the properties of these species (13-
16). Indeed, the need for methods to address kinetic
commitment, i.e., the “point of no return”, to both the native

and aggregated states is paramount (14). Comparing real-
time folding/aggregation kinetics to commitment kinetics can
determine which folding species can commit to folding/
aggregation.

Commitment experiments typically follow a two-step
procedure similar to double-jump experiments (14-16). The
first step typically renatures the protein from the unfolded
state to the desired folding/aggregating conditions. The
second step suddenly changes experimental conditions such
that committed species can be trapped and measured.
Although the experimental details of this second step vary
between different methods, the basic idea is that each data
point in a commitment experiment is determined by the time
delay between the first and second steps. Thus, commitment
kinetics are always measured by varying the delay between
steps 1 and 2 over a series of measurements, ultimately
resulting in a kinetic curve as enough time points are
collected.

The goal of the commitment-to-folding experiment is to
allow the protein to fold under nonaggregating conditions
(step 1) and, at various time points, quickly alter the
experiment conditions such that the monomeric protein will
aggregate (step 2). Although large temperature jumps (16)
and denaturant shifts (13, 15) will modulate protein aggrega-
tion at step 2, these techniques do not allow comparable
conditions between commitment to folding and the comple-
mentary experiment (commitment to aggregation). Further-
more, if step 2 consists of a large shift in temperature or
denaturant, concern exists about whether the experimental
conditions prior to step 2 still apply in the interpretation of
results measured after step 2. Ideally, one would prefer to
modulate aggregation at step 2 through large changes in
protein concentration, with minimal change in denaturant,
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temperature, and folding rate constants. Goldberg et al.
succeeded with the commitment-to-folding experiment by
renaturing low concentrations of turkey lysozyme in step 1
and renaturing high concentrations of hen lysozyme in step
2 (14). This commitment experiment proved to be successful
due to intrinsic lysozyme activity and the selective inhibition
of hen lysozyme using a specific antibody. However, this
method may not be universally applicable as not all proteins
have enzymatic activity or the availability of a selectively
inhibiting antibody.

One strategy for overcoming these problems is to use a
variation of pulse-chase experiments, where the protein is
labeled with a tracer molecule. For instance, a protein can
be radiolabeled with14C, 35S,32P, or3H to allow quantitative
assessment of the protein’s incorporation into aggregates.
However, purifying sufficient quantities of radiolabeled
material as well as working with radioactive materials
presents logistical complications. The method developed for
the present commitment study uses15N isotopic labeling with
mass spectrometry to accomplish the commitment-to-folding
experiment by rapidly increasing the effective protein
concentration in step 2 of the assay. The advantages of the
15N labeling technique are that both commitment to folding
and aggregation can be studied under similar solvent condi-
tions and that it has wide applicability toward the study of
protein aggregation. We now report the rates of commitment
to folding and commitment to aggregation for the interleukin
1-â (IL-1â)1 mutant K97I, a variant similar to wild-type IL-
1â in all respects except for an increased susceptibility to

aggregation (17, 18). By comparing K97I rates of commit-
ment to K97I rates of folding and aggregation, we have
determined that only the final native state and final ag-
gregated state(s) can commit. The results are consistent with
the previous hypothesis of nucleation-dependent aggregation
during renaturation, which can explain both the kinetic and
equilibrium measurements.

MATERIALS AND METHODS

Expression and Purification of IL-1â Mutant K97I. The
K97I protein was cloned, expressed, and purified as described
by Finke et al. (18). 15N-labeled K97I was expressed in cells
grown in minimal medium containing15N-labeled am-
monium chloride. Purified K97I was dialyzed extensively
into buffer containing 10 mM MES, 2 mM EDTA, 90 mM
NaCl, and 1 mMâme at pH 6.5 for all the experiments that
are discussed here.

Commitment-to-Folding Experiments. A folding commit-
ment experiment (Scheme 1) was performed to assess the
time-dependent production of committed K97I protein. Prior
to the experiment (step 0),15N-labeled K97I was unfolded
with a 40 µM 15N-labeled K97I/2.2 M Gdn-HCl mixture.
Folding (step 1A) was initiated by diluting 1 part unfolded
[15N]K97I with 10 parts buffer to reach concentrations of
3.6 µM [15N]K97I and 0.20 M Gdn-HCl. For each sample,
the [15N]K97I was allowed to refold for various times,t (step
1B), after the initiation of refolding in step 1A and before
the [14N]K97I pulse in step 2A. In step 2A, 1 part 400µM
unfolded [14N]K97I/2.2 M Gdn-HCl mixture was added to
reach final concentrations of 33µM [14N]K97I and 0.37 M
Gdn-HCl. Immediately after step 2A, the isotopic mixture
of renaturing K97I is allowed to reach an irreversible
equilibrium consisting of soluble native and insoluble ag-

1 Abbreviations: AU, absorbance units; EDTA, ethylenediamine-
tetraacetic acid;âme, 2-mercaptoethanol; MES, 2-(4-morpholino)-
ethanesulfonic acid; Gdn-HCl, guanidine hydrochloride; ESI-MS,
electrospray ionization mass spectrometry; HPLC, high-pressure liquid
chromatography; IL-1â, interleukin-1â.

Scheme 1
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gregated states (step 2B). During step 2B, [15N]K97I com-
mitted-to-folding monomers remain in solution and do not
incorporate into aggregating [14N]K97I. Also during step 2B,
[15N]K97I monomers which are not committed to folding
can associate into [14N]K97I aggregates. Subsequent proce-
dures, described below (see ESI-MS Analysis), are then
necessary to determine the ratio of15N to 14N for each sample
(step 2C).

It should be noted that the denaturant conditions neces-
sarily differ between step 1 (0.20 M Gdn-HCl) and step 2
(0.37 M Gdn-HCl) due to the introduction of 1 part 2.2 M
Gdn-HCl denatured [14N]K97I at step 2A, an unavoidable
consequence of the commitment-to-folding experiment. In
the case of K97I, this denaturant shift corresponds to only a
minor (10-20%) decrease in K97I folding rates and stability
(18), effectively resulting in no change in experimental
conditions prior to and after step 2A.

The soluble and insoluble K97I were separated by
centrifugation at 7000g. The soluble portion was checked
for the absence of insoluble particles by the absence of
turbidity at 500 nm (<0.003 absorbance unit). Insoluble K97I
was resolubilized and unfolded in 10 parts 6 M Gdn-HCl
and refolded in 100 parts buffer, conditions where K97I
refolds without aggregating (3.6µM K97I and 0.55 M Gdn-
HCl). Both the soluble and insoluble K97I samples were then
dialyzed with 5× 2 L exchanges using distilled H2O. All
samples were then concentrated to 200µL using Centricon
10 concentrators (Amicon).

ESI-MS Analysis. The relative percentages of [15N]- and
[14N]K97I within both the soluble and precipitated fractions
at each time point,t, were determined by mass spectrometry.
It is important to note that quantitation with mass spectrom-
etry can be problematic for two reasons: (1) attempts to
quantify protein in a multicomponent mixture may be in error
as the signal of interest may be suppressed by contam-
inants and (2) the instrumental response is affected by the
isotopic purity of a protein. To address these issues, we used
purified K97I protein (>99%), demonstrated successful
quantitation of IL-1â (19), and used [14N]K97I as a standard
to quantitate the relative amount of [15N]K97I to [14N]K97I
(see below).

The mass spectra were obtained on a Hewlett-Packard
(HP) 5989B mass spectrometer using a model 59987A
atmospheric pressure ionization interface built by Analytica
of Branford. The instrument is equipped with the extended
mass range option. Electrospray ionization was performed
under the conditions normally employed for protein spectra,
i.e., in positive ion mode with a cylindrical potential of-5
kV, and the spray needle at ground potential. The sample
was injected into a flowing solution containing 50% methanol
(v/v) reverse-osmosis water with 1% acetic acid (Fisher
HPLC grade), supplied by a HPLC isocratic pump through
a Valco six-port valve at a rate of 10µL/min.

The instrument was tuned using the standard protein
solutions of cytochromec and myoglobin, also supplied by
HP. The known mass-to-charge peaks of these samples were
used for mass calibration between 500 and 1600m/z units.
A solution of purified IL-1â was also used as a calibration
reference. For each time,t, sample measurement, an average
of 10-20 spectra were collected over anx-axis domain from
1500 to 1980m/z units. The scanning step in each case was
0.1 m/z unit, and the scan rate was approximately 0.3 ms

per step. One spectrum for each time,t, sample was measured
to include the+9, +10, and+11 peaks. These mass-to-
charge peaks were deconvoluted by the instrument software
to produce the mass spectrum of the two isotopically
characterized states of K97I. K97I gives a maximum signal
on a multiply charged peak of+10 at m/z 1736 for 14N-
labeled K97I andm/z 1756 for15N-labeled K97I, measure-
ments consistent with previous studies (19).

The commitment-to-folding method relies upon standard-
izing the relative amount of [15N]K97I with the amount of
[14N]K97I in each sample. The raw amounts of [15N]- and
[14N]K97I were determined in each sample using the area
under the+10 peak centered atm/z 1736 for [14N]K97I and
m/z 1756 for [15N]K97I. The relative amount of each
[15N]K97I peak was quantitated by dividing the [15N]K97I
peak area by the area under the [14N]K97I peak present in
the same mass spectrum. The sensitivity of the isotopically
impure [14N]K97I peak was shown to be similar to the
isotopically pure [15N]K97I, as determined by a peak height
ratio of 0.95. The standardization of [15N]K97I with [14N]K97I
was justified experimentally by the measurement of similar
turbidity values after step 2B in Scheme 1 for all time,t,
samples. This indicates a similar total aggregation reaction
in all samples and minimal contributions from aggregating
[15N]K97I. As an additional control, the measurement of
mass spectra from both soluble and insoluble samples in
triplicate was used to confirm the consistency and precision
of the results (see the Results).

The degree of commitment to folding was assessed initially
by comparing the relative spectra of [15N]K97I of each
sample after standardization with the area under the [14N]K97I
peak (m/z 1736) using the equation

where R15 is the relative standardized mass spectra of the
[15N]K97I m/z +10 peak, S15 is the raw mass spectra of the
[15N]K97I m/z +10 peak, andAS14 is the area under the raw
mass spectra of the [14N]K97I m/z +10 peak. Thus, the
relative standardized [15N]K97I spectra are the raw [15N]K97I
spectra divided at eachm/z increment by the single value
corresponding to the total area under the [14N]K97I. The
purpose for the calculation of the standardized [15N]K97I
spectra R15 is to visually compare the time dependence of
the corrected mass spectra in the commitment experiment.
To calculate the molar fraction of [15N]K97I to [14N]K97I
in the sample, the area under R15,AR15, is measured:

Refolding Assessed in Real Time with Tryptophan Fluo-
rescence.Protein refolding was monitored prior to 20 s with
an Applied Photophysics SX.17MV (Applied Photophysics,
London) stopped-flow unit with a path length of 0.1 cm.
Protein refolding was monitored after 20 s using a Fluoro-
max-2 spectrofluorimeter equipped with a Neslab RTE-111
temperature controller. Refolding experiments were initiated
by a 1:10 dilution of unfolded K97I at 2.2 M Gdn-HCl into
final Gdn-HCl concentrations of 0.20 M and a final K97I
concentration of 6µM. Stopped-flow fluorescence was

R15) S15
AS14

(1)

AR15 )
[[ 15N]K97I]

[[ 14N]K97I]
(2)
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measured with excitation at 293 nm and emission collected
through a>320 nm cutoff filter. Manual-mixing fluorescence
was measured by the time-dependent change in fluorescence
emission at 343 nm (slit of 1 mm) while exciting at 293 nm
(slit of 1 mm). The stopped-flow kinetic trace is the average
of 10-20 data acquisitions. The manual-mixing kinetic trace
is the average of three data acquisitions.

Commitment-to-Aggregation Experiments.A commitment-
to-aggregation experiment (Scheme 2) was performed to
assess the time-dependent production of committed (i.e.,
refolding resistant) K97I aggregates. Prior to the experiment
(step 0), K97I was unfolded at 400µM/2.2 M Gdn-HCl.
Folding (step 1A) was initiated by diluting 1 part unfolded
K97I with 10 parts buffer to reach concentrations of 36µM
K97I and 0.20 M Gdn-HCl. For each sample, the K97I was
allowed to refold for various times,t (step 1B), from the
initiation of refolding and before dilution in step 2A. In step
2A, the solution was diluted 1:10 to reach final concentrations
of 3.3 µM K97I and 0.20 M Gdn-HCl. Immediately after
step 2A, the renaturing K97I is allowed to reach folding/
aggregation irreversible states (step 2B). Committed ag-
gregates continue to form insoluble aggregates, while
noncommitted aggregates dissociate and refold properly as
soluble monomers. Noncommitted K97I monomers will
associate into K97I aggregates. Subsequent procedures,
described below, are then necessary to determine the fraction
of soluble K97I (step 2C). In step 2C, the soluble and
insoluble K97I were separated by centrifugation at 7000g.
The soluble portion was checked for the absence of insoluble
particles by the lack of turbidity at 500 nm (<0.003
absorbance unit). The soluble protein concentration was
measured by the absorbance at 280 nm (AU280) and
calculated using the extinction coefficientε280 of 11.26 mM-1

cm-1 with the Beer-Lambert relationship.

Aggregation Assessed in Real Time with Light Scattering.
Protein aggregation during refolding was monitored prior to
20 s with an Applied Photophysics SX.17MV stopped-flow
unit with a path length of 0.1 cm. Slower aggregation
reactions were monitored using manual-mixing techniques
monitored with a Fluoromax-2 spectrofluorimeter equipped
with a Neslab RTE-111 temperature controller. Aggregation
was initiated by a 1:10 dilution of unfolded K97I at 2.2 M
Gdn-HCl into a final Gdn-HCl concentration of 0.20 M and
a final K97I concentration of 33µM. Stopped-flow light
scattering was measured at a wavelength of 500 nm and
collected at an angle of 90° through a>320 nm cutoff filter.
Manual-mixing light scattering was measured by the time-
dependent change in light scattering at 500 nm (slit of 1 mm)
while exciting at 500 nm (slit of 1 mm). Each stopped-flow
kinetic trace is the average of 10-20 data acquisitions. Each
manual-mixing kinetic trace is the average of five data
acquisitions.

Soluble Fraction.Refolding experiments were initiated by
a 1:10 dilution of K97I from 2.2 M Gdn-HCl to the indicated
final K97I concentrations of protein and 0.20 M Gdn-HCl.
Samples were centrifuged at 7000g, and the completeness
of the aggregate separation was assessed by the absence of
turbidity at 500 nm in the soluble fraction. The soluble
protein concentration was measured by the absorbance at
280 nm (AU280) and calculated using the extinction coef-
ficient ε280 of 11.26 mM-1 cm-1 with the Beer-Lambert
relationship.

Data Analysis.Time-dependent changes in commitment-
to-folding tracks with the fraction of [15N]K97I/[ 14N]K97I
as measured by variableAR15. Time-dependent changes in
commitment to aggregation track with the 280 nm absorb-
ance (AU280) of soluble K97I remaining in solution. The
fraction of K97I commitment in either a commitment-to-

Scheme 2
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folding or commitment-to-aggregation experiment can be
quantitated through the following equation

whereC(t) is the fractional degree of commitment at timet,
V(t) is the variable measuring commitment at timet, V0 is
the variable measuring commitment at time zero, andV∞ is
the variable measuring commitment at time∞ (i.e., native
K97I protein). The variableC(t) reflects the fraction of
commitment in both folding and aggregation commitment
studies. To distinguish between different commitment ex-
periments, this value is denotedCI(t) for the insoluble fraction
of the commitment-to-folding experiment,CS(t) for the
soluble fraction of the commitment-to-folding experiment,
andCAG(t) for commitment to aggregation. The variableV(t)
is the parameter measured in the commitment study. In the
case of commitment to folding,V(t) is the parameterAR15.
In the case of commitment to aggregation,V(t) is the
parameter of K97I AU280, measured after centrifugation. In
the commitment-to-folding experiment, a decrease inAR15

in the insoluble fraction should result in an increase inAR15

in the soluble fraction. Consequently, a convincing control
for the commitment-to-folding experiment is agreement
between the variablesCI(t) andCS(t).

Real-time kinetics measured with stopped-flow and manual-
mixing techniques, the commitment to folding in the
insoluble fractionsCI(t), the commitment to folding in soluble
fractionsCS(t), and the commitment to aggregationCAG(t)
were fit to eq 5 using in-house software.

whereA(t) is the measured signal [i.e., fluorescence,CI(t),
CS(t), or CAG(t)] at time t, i is the number of observed
aggregation processes measured by first-order fits,Ai is the
amplitude of kinetic processi, A∞ is the equilibrium value
of A(t) at time ∞, andλi is the observed rate constant for
processi. The values ofi, Ai, A∞, andλi were determined
using the fit quality represented in theør

2 values (20), the
random dispersion of residuals, and the logical consistency
of the generated fitting parameters. Theλi value is an
observed rate constant and does not directly measure the
microscopic rate constant for a kinetic process.

Stopped-flow and manual-mixing aggregation kinetics
cannot be fit rigorously without information regarding the
quantity and character of oligomeric states involved in the
aggregation process. Nonetheless, approximate rates can be
derived with a fit of the time-dependent light scattering signal
to the sum of first-order processes using eq 5. Due to the
higher-order nature of aggregation, fits of light scattering
data with observed ratesλi should not be interpreted as
evidence of either a microscopic rate constant or even a first-
order kinetic process. To avoid confusion between observed
first-order processes in folding and approximated first-order
aggregation processes measured with light scattering, the
parameterλAGG will be used to characterize aggregation
processes. These approximated first-order aggregation rates,

λAGG, can be used as qualitative parameters to determine the
effect of protein concentration to these steps through eq 6
(21):

whereλAGG
[K97I] is the rate of an aggregation process at a

given protein concentration [K97I],R is the apparent rate
order of the process described byλAGG, andK is log(λAGG)
in the limit [K97I] f 0.

RESULTS

Commitment Experiments.We want to address the question
of when a protein is irreversibly committed to either the
native or misfolded aggregated state. Our experiment uses
the competition between folded and aggregated states during
the renaturation of K97I to measure commitment. In this way,
the species populated during folding, which have been well
characterized by stopped-flow circular dichroism (J. M.
Finke, unpublished data), quench-flow pulse labeling (19,
22), and double-jump experiments (18), can be correlated
with the time-dependent increase in commitment. A plot of
the time evolution of species populated during folding of
K97I at 0.20 M Gdn-HCl and 25°C is given in Figure 1.
Refolding is best characterized as the population of an initial
unstructured ensemble UC, which folds within 1 s to a
partially structured ensemble of intermediates I and finally
folds slowly to the native state N. The unfolded form is
designated UC (indicating partial collapse) instead of U,
because, although lacking in significant secondary structure,
it not likely to be completely devoid of it (23, 24).

Figure 1 also indicates two possible scenarios for com-
mitment during K97I folding at 0.20 M Gdn-HCl and 25
°C. In each scenario, the population of the committed species
would be measured at various timest when step 2A in
Scheme 1 is executed. In scenario 1, intermediate ensemble
I commits to folding. In this case, commitment will occur
fast such that manual mixing data points will not be acquired
quickly enough to measure the kinetics. In our case, the

FIGURE 1: K97I folding species formed during renaturation with
two commitment scenarios. Unfolded K97I ensemble UC (‚‚‚) folds
to the intermediate ensemble I (- - -) with an observed rate
constantλ2 of 4.0 s-1. Native K97I (s) populates at the observed
rateλ1 of 0.018 s-1. If the intermediate ensemble (b) commits to
folding, complete commitment will occur before kinetic data points
can be collected. If the native state (O) commits to folding,
commitment will occur on a time scale where kinetic data points
will measure the commitment process.

log(λAGG-i
[K97I]) ) R log[K97I] + K (6)

C(t) )
V(t) - V0

V∞ - V0
(3)

C1(t) = Cs(t) (4)

A(t) ) ∑
i

Aie
-λ1t + A∞ (5)
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protein would therefore appear to commit from zero com-
mitment to complete commitment within 1 s. In scenario 2,
only the native state can commit to folding. In this case,
manual-mixing techniques will adequately measure com-
mitment kinetics as the native state slowly populates.

Commitment to Folding. In these studies, we take advan-
tage of the fact that14N- and 15N-labeled K97I differ in
molecular mass by 200 Da and can be easily distinguished
by mass spectrometric techniques. In Figure 2, the [15N]K97I
mass spectra are shown after the standardization described
by eq 1 (Materials and Methods). These standardized mass
spectra are graphed as slices along the time axis and follow
the time-dependent process by which K97I commits to the
native folded state. In Figure 2A, the magnitude of the R15
peak in the soluble portion is shown to increase by 30%
between time zero and 3000 s. To confirm this time-
dependent increase in the level of [15N]K97I in the soluble
samples, the time-dependent decrease in the level of [15N]K97I
from the insoluble aggregates was also measured. In Figure
2B, the R15 peak in the insoluble fraction is shown to
decrease from its maximal value at time zero to zero at time
t (3000 s). Together, these results indicate that K97I
ultimately reaches a state which will not aggregate and is
committed to folding to the soluble native state.

Note that, even under conditions where the greatest amount
of aggregation occurs (time zero), a significant portion of
[15N]K97I folds to the soluble state. This is due to the fact
that experimental limitations do not allow 100% K97I
aggregation at time zero. This 30% difference in the soluble
peak height between the spectrum at 0 s and the spectrum
at 3000 s is consistent with the extent of K97I aggregation
measured at 33µM in previous studies (18). The similarity
in the R15 peak size measured in the soluble (Figure 2A)
and insoluble (Figure 2B) fractions at time zero is consistent
with equal soluble/insoluble partitioning of [15N]K97I relative
to [14N]K97I expected at time zero.

Figure 3 shows the real-time folding process as well as
the global fit of the commitment-to-folding kinetics. Traces
1 and 2 indicate respective stopped-flow and manual-mixing
measurements of real-time tryptophan fluorescence kinetics
for the K97I folding at 0.20 M Gdn-HCl. These kinetic data
fit best to two exponentials, with observed rate constantsλ2

of 4.0 s-1, characterizing the folding of UC to I, andλ1 of
0.018 s-1, characterizing the folding of I to N. These
measurements are consistent with the simple folding mech-
anism proposed for K97I folding (Figure 1).

Trace 3 indicates the fit of the commitment-to-folding
kinetic data as measured by variablesCS(t) for the soluble
fractions andCI(t) for the insoluble fractions. They-axis
label, “CS(t) or CI(t)”, is a measure of the fraction of
[15N]K97I committed at timet. The variablesCS(t) (circles)
andCI(t) (squares) are in good agreement, as expected from
eq 4. Error bars of bothCS(t) andCI(t) indicate the standard
deviation from three separate sample measurements at each
time (t). A fit of the combined soluble and insoluble kinetic
data indicates that the commitment to folding is well
characterized by a single-exponential process with an
observed rate constantλCF of 0.021 s-1. This result is
consistent with native state commitment to folding as
described in Figure 1.

Commitment to Aggregation.In conjunction with com-
mitment-to-folding studies, commitment-to-aggregation stud-
ies are also important in determining the irreversible steps
in the aggregation pathway. Like commitment to folding,
the commitment to aggregation may follow a fast or slow
kinetic rate. However, there is no reason, a priori, for the
rates of commitment to folding and commitment to aggrega-
tion to be on similar time scales. Figure 4 shows the
commitment-to-aggregation kinetics overlaid on the real-time
aggregation process observed by light scattering. Traces 1

FIGURE 2: Time dependence of the relative standardized mass
spectra (R15) of the+10 m/z peak of 15N-labeled K97I in the
commitment-to-folding experiment. (A) Time dependence of the
R15 in the soluble sample fraction. The soluble R15 peak increases
in area from its initial value of 70% maximum area at time zero to
100% maximum area at 3000 s. (B) Time dependence of R15 in
the insoluble sample fraction. The insoluble R15 peak increases in
area from its maximum area at time zero to zero area at 3000 s.

FIGURE 3: Real-time K97I folding compared to K97I commitment
to folding. Stopped-flow/tryptophan fluorescence (trace 1) charac-
terizes the transition from an unfolded ensemble UC and a partially
folded intermediate ensemble I (λ2 ) 4.0 s-1). Manual-mixing/
tryptophan fluorescence (trace 2) characterizes the final folding step
from intermediate ensemble I to the native state N (λ1 ) 0.018
s-1). The K97I fraction committed to folding (trace 3) follows a
single-exponential process (λCF ) 0.021 s-1) when fit to the
commitment data from the solubleCS(t) (O) and insolubleCI(t)
(0) samples at various time points. Error bars forCS(t) andCI(t)
indicate the standard deviation of three separate sample measure-
ments. The left-handy-axis [CS(t) or CI(t)] refers to commitment-
to-folding data (trace 3), and the right-handy-axis (normalized
fluorescence) refers to real-time fluorescence data (traces 1 and
2). The observed rate of the commitment to folding (λCF ) 0.021
s-1) correlates well with the I to N folding rate (λ1 ) 0.018 s-1).
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(stopped-flow) and 2 (manual-mixing) describe the typical
aggregation reaction during refolding at 42µM K97I in real
time using light scattering at 500 nm. Rigorous fits of the
light scattering data are not warranted without more informa-
tion regarding the size and populations of the aggregated
states. However, two distinct aggregation processes can be
observed with light scattering, with approximate ratesλAGG

fast

of ∼1 s-1 andλAGG
slow of ∼0.02 s-1. After the relaxation of

the slower step,λAGG
slow, the aggregation reaction equilibrates

at 32% K97I aggregation. Trace 3 indicates the fit of the
commitment-to-aggregation data and is well characterized
by a single-exponential process with an observed rate
constantλCA of 0.023 s-1.

Aggregation Kinetics.Estimated rate(s),λAGG
fast and

λAGG
slow, calculated using eq 5 (see Data Analysis in Materials

and Methods), observed during the aggregation process are
displayed with respect to K97I concentration in Figure 5.
The observed rate for the fast processλAGG

fast is highly
concentration-dependent, whereas the slow processλAGG

slow

appears to be concentration-independent (first-order). Fits of
the observed rates to concentration using eq 6 (see Data
Analysis in Materials and Methods) fit the apparent rate order
R of 4.5 for λAGG

fast andR of 0.1 for λAGG
slow.

DISCUSSION

Although not defined outright as such, a variety of
commitment studies have been performed previously. Brems
performed a two-step experiment which, in the first step,
diluted denatured bovine growth hormone to protein and
Gdn-HCl concentrations supporting folding (15). To test
commitment to folding after various delay times, the sample
was transferred to protein and Gdn-HCl concentrations in
which aggregation was favorable. Using similar mixing
techniques, Cleland and Wang probed whether species
formed after 15 min of bovine carbonic anhydrase refolding

were resistant to aggregation (13). Danner and Seckler also
performed both folding and aggregation commitment studies
using temperature jumps during refolding of the temperature-
sensitive P22 tailspike protein (16). Goldberg et al. performed
the first definitive commitment experiment, measuring com-
mitment kinetics in both the folding and aggregation
pathways of denatured, reduced turkey lysozyme (14).
Determining the commitment in either pathway was estab-
lished by altering the effective protein concentrations and
minimally perturbing the solvent conditions, thereby provid-
ing directly comparable commitment rates between folding
and aggregation. To study folding commitment steps in K97I
aggregation, this study uses an isotopic labeling-mass
spectrometry application, which can be easily used to study
other aggregating proteins. The method also allows for the
study of both commitment to folding and aggregation under
the same denaturant, pH, and temperature conditions, condi-
tions crucial to a direct comparison of folding and aggrega-
tion commitment rates.

Interleukin-1â Commits to Folding Late in Renaturation.
In Figure 3, the commitment to folding, indicated byCS(t)
andCI(t) (trace 3), is essentially simultaneous with the slow
folding step λ1 observed in K97I folding (trace 2). The
observed folding rateλ1 has been shown to correspond to
the formation of native K97I from a partially folded
intermediate ensemble I (18, 19). No significant change in
the values ofCS(t) or CI(t) is observed during the formation
of the intermediate ensemble I which accumulates at a rate
λ2 of 4.0 s-1. Thus, intermediate ensemble I is not a state
which commits K97I to successful folding. The observed
rate constant fitted toCS(t) and CI(t) (λCF ) 0.021 s-1) is
highly similar to that ofλ1 (λ1 ) 0.018 s-1). Therefore, the
state which commits to folding is the native state and only
the native state.

Interleukin-1â Commits to Aggregation Late in Renatur-
ation. The commitment to aggregation (Figure 4) fits to a
first-order kinetic model and is coincident with the slow
aggregation stepλAGG

slow observed in K97I light scattering

FIGURE 4: Real-time K97I aggregation compared to K97I com-
mitment-to-aggregation. Stopped-flow/light scattering (trace 1)
measures early aggregation step(s) between 0.01 and 10 s. Manual-
mixing/light scattering (trace 2) measures a slower aggregation
process between 10 and 500 s, after which the aggregation is
complete. The fraction of aggregated K97I committed to aggrega-
tion (trace 3) follows a single-exponential process (λCA ) 0.023
s-1) when fit to the commitment dataCAG(t) (b) derived from the
remaining soluble K97I concentration. The left-handy-axis [CAG(t)]
refers to commitment-to-aggregation data (trace 3), and the right-
hand y-axis (normalized fluorescence) refers to real-time light
scattering data (traces 1 and 2). The observed rate of the commit-
ment to aggregation (λCA ) 0.023 s-1) correlates well with the
observed rate of the slow aggregation process (λAGG

slow ) 0.018
s-1).

FIGURE 5: Effect of concentration on observed aggregation rates
for the fast aggregation processλAGG

fast (b) and the slow aggregation
processλAGG

slow (O). The linear fit of log(λAGG
fast) to log(µM K97I)

yields a slope of 4.5 (s), indicating a concentration dependence
of 4-5. The linear fit of log(λAGG

slow) to log(µM K97I) yields a
slope of 0.1 (- - -), indicating a first-order concentration dependence.
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kinetics. The first-order time constant (λCA ) 0.023 s-1) fitted
to the increase in K97I commitment to aggregation is similar
to λAGG

slow (0.022 s-1). The observed rateλAGG
slow corre-

sponds to the formation of the final equilibrated aggregation
ensemble as no further increase in signal magnitude is
observed. As indicated in Figure 4, committed aggregates
are only 20% populated when the sample is diluted after
aggregation for 10 s (see Materials and Methods). Thus, the
early process measured byλAGG

fast does not result in a
commitment, and the slower processλAGG

slow correlates with
commitment to aggregation.

The Commitment to Aggregation Is First-Order.Observed
aggregation ratesλAGG

fast andλAGG
slow should not be used in

a rigorous kinetic analysis due to the mechanistic complexity
of the aggregation process. However, they can be used as
an indicator of rate changes with respect to protein concen-
tration. Figure 5 shows that the early stepλAGG

fast is highly
concentration-dependent (R) 4.5), whereas the final process
λAGG

slow is concentration-independent (R ) 0.1, i.e., first-
order). The high rate order (R) 4.5) ofλAGG

fast is suggestive
of an aggregate consisting of at least four monomers.

Late Commitment Is Consistent with a Nucleation-
Dependent Aggregation Mechanism. The nucleation-depend-
ent mechanism, which has been proposed to describe amyloid
fibril formation (25), was also proposed by Finke et al. to
describe the aggregation observed in K97I refolding (18).
This mechanism is defined as “a series of unfavorable
protein-protein association equilibria leading to an unstable
nucleus, followed by a series of favorable equilibria”,
culminating in mature aggregate formation (25). Nucleation-
dependent polymerization is experimentally characterized by
(1) mature aggregate formation only at monomer concentra-
tions exceeding a critical concentration and (2) first-order
kinetics observed in formation of the mature aggregate. In a
previous study, it was shown that K97I produces mature
aggregates only when refolded above the critical concentra-
tion of 20 µM (18), one of the hallmarks of nucleation-
dependent polymerization. In addition to a critical concen-
tration, the nucleation mechanism has been further supported
by the existence of two distinct aggregation processes during
refolding (Figure 4): noncommitted aggregates formed at a
rate λAGG

fast and committed aggregates formed at a rate
λAGG

slow. In a nucleation model, the rateλAGG
fast would

characterize the formation of small aggregates involved in
nucleus formation and the rateλAGG

slow would correspond
to formation of the mature aggregate (25). Small aggregates
assessed by the rateλAGG

fast could be dissociated and properly
refolded if high-level dilution was initiated early enough in
the refolding process. Postnucleus aggregates, assessed by
the rateλAGG

slow, resist dissociation and continue to grow at
an observed first-order rate, the second observation expected
in a nucleation-polymerization model.

A Nucleation-Dependent Model for K97I. Using a sim-
plistic approach, a nucleation mechanism for K97I aggrega-
tion during refolding is modeled using four species: (1)
uncommitted monomers, (2) uncommitted aggregates (i.e.,
nucleus), (3) committed monomers (i.e., native K97I), and
(4) committed aggregates. To address whether this simple
nucleation model can accurately describe the aggregation of
K97I, these four species are arranged in Scheme 3, whereX
is the number of monomers forming the nucleus,KX

eq is the
equilibrium constant of nucleus formation,λCF is the rate of
commitment to folding (0.018 s-1), λCA is the rate of
commitment to aggregation (0.021 s-1), andλpolymer is the
rate of monomer incorporation into the final aggregate. The
equilibrium percentage of soluble native K97I recovered from
refolding at increasing K97I concentrations can be quanti-
tated using numerical methods (NDsolve from Mathematica).
Comparing this model to equilibrium raw data accomplishes
two basic goals: (1) determining whether a nucleation model
can reasonably fit experimental data and (2) addressing the
estimate of a four-monomer minimum nucleus size. As with
all kinetic mechanisms, successful fits of experimental data
to this model neither prove the model’s validity nor preclude
additional steps.

The fraction of soluble K97I recovered after refolding at
increasing K97I concentrations was fit to experimental data
using kinetic steps described in Scheme 3. The simulations
started with a fraction of uncommitted monomers of 1 and
all other species at 0. To fit the simulated mechanism to
experimental data, integer values ofX (i.e., 2 for dimer, 3
for trimer, etc.) were selected,λpolymer was fixed at 1.0 s-1,
andKX

eq was optimized at each fixed value ofX. Figure 6
shows the fits ofX values of 2, 3, 4, 5, and 6. Clearly,X
values of 2-3 undershoot the raw data, whileX values of
4-5 appear to fit much more accurately. If the valueλpolymer

is varied, different nucleus sizesX can be fit to the raw data.
However, small nucleus sizes (X ) 2-3) could not be fit to
the raw data at any value ofλpolymer. Thus, these simulations
(1) demonstrate that a nucleation mechanism can describe
kinetic and equilibrium experimental measurements of K97I
aggregation and (2) provide evidence that nucleus sizeX is
comprised of 4 or more monomers.

Scheme 3

FIGURE 6: Dependence of K97I concentration on the final equi-
librium fraction of soluble native K97I refolded from 2.2 M Gdn-
HCl to 0.20 M Gdn-HCl. The fraction of soluble K97I (O) remains
at 1.0 until 10µM and decreases to 0.09 at 103µM. Simulations
of the equilibrium experimental data use the simple nucleation
model of Scheme 3. The best fit of the nucleation model to the
experimental data is shown using a nucleus size of 2, 3, 4, 5, and
6 monomers.
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Conclusions.Building upon previous work on IL-1â
folding (17-19, 22, 26) and the kinetics of commitment to
folding/aggregation, we propose a comprehensive mechanism
to describe K97I folding and aggregation (Figure 7). Early
in the folding process, K97I forms a pre-equilibrium between
the unstructured ensemble UC, the monomeric intermediate
ensemble I, and a nucleus aggregate (N g 4 monomers).
The pre-equilibrium between UC and I has been observed
directly by pulse labeling/mass spectrometry with an ap-
proximate ratio of 4:1 (19). It has also been demonstrated
that a drastic reduction in the K97I aggregation rate occurs
as intermediate ensemble I is formed, indicating that ag-
gregation initiates predominately from the unstructured
ensemble UC (18). Thus, the intermediate ensemble I does
not aggregate but still does not commit K97I to folding. In
short, fast folding (λ2) and aggregation (λAGG

fast) steps are
reversible and do not result in commitment to either folding
or aggregation. In the slower phase of the refolding reaction,
the committed native state is formed at a rateλ1 and
committed insoluble aggregates are formed at a rateλAGG

slow.
In wild-type IL-1â, the pre-equilibrium is tipped against
nucleus formation due to the presence of the charged lysine
97 (Figure 7). The nucleus will not be populated and will
therefore not result in insoluble aggregates during the folding
of wild-type IL-1â.

Biological Inferences.Although both folding and aggrega-
tion have been studied in many proteins, it has been difficult
to ascribe specific properties which are common to all, other
than their propensity to aggregate during renaturation. These
proteins do not fall into a particular class of secondary
structure sinceR-helical (15), â-sheet (18, 27), and mixed
R/â (1, 28) proteins have been shown to aggregate during
refolding. The folding pathways of these proteins are also
varied, as simple two-state proteins (28), proteins with
folding intermediates (4, 13, 15, 18), and oligomeric proteins
(4, 21, 29) all have been shown to aggregate. Although the
folding species leading to aggregation is, in many cases, a
species formed early in the dead time of folding measure-
ments, it is unclear whether this species is always a largely

unfolded state (28) or could possibly be an early intermediate
species (15, 27).

An important question in protein aggregation is when
proteins commit to their soluble native state. It has been
found in all proteins studied with commitment experiments,
including K97I, that native state formation is necessary to
commit the protein to the folded state (13-16). This may
have important consequences on the biological importance
of rate-limiting folding steps as certain natural proteins may
face evolutionary pressure to avoid sequences which fold
so slowly that aggregation predominates over productive
folding. Perhaps a lower speed limit may exist on the folding
of certain sequences which aggregate during refolding from
non-native conformations. Conversely, if commitment occurs
late in the folding, slow folding may allow for rescue of
initially associated monomers during in vivo expression.
Whether native state commitment is ubiquitous in protein
folding remains an interesting question to be addressed with
further studies.
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