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ABSTRACT: The thermodynamic stability and folding kinetics of the allâ-sheet protein interleukin-1â
were measured between 0 and 4 M GdmCl concentrations and pH 5-7. Native interleukin-1â undergoes
a 3.5 kcal/mol decrease in thermodynamic stability,∆GNU

H2O, as pH is increased from 5 to 7. The native
state parametermNU, measuring protein destabilization/[GdmCl], remains constant between pH 5 and 7,
indicating that the solvent-exposed surface area difference between the native state and unfolded ensemble
is unchanged across this pH range. Similarly, pH changes between 5 and 7 decrease only the thermodynamic
stability, ∆GH2O, and not them-values, of the kinetic intermediate and transition states. This finding is
shown to be consistent with transition state configurations which continue to be the high-energy
configurations of the transition state in the face of changing stability conditions. A three-state folding
mechanism Ua I a N is shown to be sufficient in characterizing IL-1â folding under all conditions
studied. Them-values of refolding transitions are much larger than them-values of unfolding transitions,
indicating that that the fast, T2 (U a I), and slow, T1 (I a N), transition states are highly similar to the
intermediate I and native state N, respectively. Many of the folding properties of interleukin-1â are shared
among other members of theâ-trefoil protein family, although clear differences can exist.

A number of previous protein folding studies have been
conducted on the all-â-sheet protein, interleukin-1â (IL-1â)1

(1-3). Recent experimental work has revealed that IL-1â
refolding kinetics can be fit adequately with two exponential
processes and that a discrete intermediate ensemble is present
during refolding (4, 5). This experimental work is in good
agreement with the observation of a discrete folding inter-
mediate in the folding simulation of a IL-1â, using only a
CR atomic polypeptide representation of the polypeptide and
a Go force field (6). However, a complete thermodynamic
analysis of kinetic states has not been conducted to confirm
whether a three-state (Ua I a N) kinetic model is consistent
with the thermodynamic parameters obtained from equilib-
rium studies.

In many respects, the folding properties of IL-1â are
consistent with many proteins. The thermodynamic stability,
m-value of equilibrium unfolding, and heat capacity are
within the range expected for a protein of its size (7).
However, the primary difference between IL-1â and other
proteins is that IL-1â folding is particularly slow, both in

terms of intermediate formation as well as formation of the
native state. With the exception of certain two-state folding
proteins, most proteins initially fold to intermediate states
at rates faster than can be resolved with stopped-flow mixing
methods (<5 ms). Recent work using ultrarapid mixing and
temperature jump methods has indicated that these initial
folding events typically occur in the microsecond time range
(8-10). By contrast, the Ua I transition in IL-1â folding
is in the millisecond time range and completely accessible
with stopped flow kinetic measurements. Interestingly, other
members of theâ-trefoil family studied, aFGF, bFGF, and
hisactophilin, also appear to form an initial intermediate from
the unfolded ensemble (Ua I) on a millisecond/second time
scale (11-14). However, IL-1â intermediate formation is
much more distinct kinetically than otherâ-trefoil proteins
since, in IL-1â, the rates of the Ua I and I a N steps
differ by 2 orders of magnitude (4). Also, the time constants
for â-trefoil native state formation (τ ) 10-1000 s), with
the possible exception of hisactophilin (τ ) 0.003 s), appear
unusually slow compared to those of other proteins (11-
14).

This study reports measurements of IL-1â thermodynamic
and kinetic folding parameters between pH 5 and 7. The first
goal of this study is to determine whether the three-state
kinetic folding mechanism can model IL-1â folding under a
variety of pH conditions. The three-state kinetic folding
model will be tested by determining if transition state
energies andm-values, measured from kinetic studies, can
reproduce the thermodynamic stability andm-values, mea-
sured from equilibrium studies. The second goal is to
determine the impact pH changes between 5 and 7 have on
the properties of intermediates and transition states in the
IL-1â folding pathway. A final objective is to use the folding
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measurements to evaluate structural properties of the un-
folded, intermediate, and transition state ensembles in the
IL-1â folding pathway.

MATERIALS AND METHODS

Expression and Purification of IL-1â and K97I.The gene
encoding wild-type IL-1â was subcloned into a pET 24-d
vector (Novagen) and transformed intoE. coli BL21(DE3)
cells. Cells were grown in LB to an OD600 of 0.8, and protein
expression was induced with IPTG at a final concentration
of 1 mM. Rifampicin was added 45 min after induction to a
final concentration of 0.1 mg/mL. Three hours after induc-
tion, cells were harvested by centrifugation at 10 000g for
30 min.

Purification of IL-1â was based on Meyers et al. (15) but
with a number of modifications. Cells were resuspended in
10 mM KPO4, 0.2 mM EDTA, 5 mM DTT, and 1 mM
PMSF at pH 8.0 and then lysed by sonication at 4°C,
followed by centrifugation at 4300g for 30 min. Soluble IL-
1â in the supernatant was made 80% saturated in ammonium
sulfate and then precipitated by centrifugation as above. The
pellet was then dissolved in buffer A (25 mM NH4OAc, 2
mM EDTA, and 1 mM âme at pH 4.5) and dialyzed
overnight in buffer A at 4°C.

The dialysate was centrifuged as above, filtered, and
applied to a Resource S cation exchange column (Pharmacia)
equilibrated in buffer A. IL-1â was eluted in a 40 column
volume linear gradient of 25-240 mM NH4OAc, pH 4.5, at
a flow rate of 3 mL/min. Purity was judged to be greater
than 95% as assessed by SDS-PAGE. Protein concentrations
were calculated using an experimentally determinedε280 )
11.26 mM-1 cm-1 (16). Purified protein was dialyzed
extensively into a constant ionic strength buffer containing
100 mM MES, 50 mM Tris-HCl, 50 mM acetic acid for
all experiments discussed. The IL-1â concentration was 6
µM for all experiments discussed.

Equilibrium Fluorescence pH and GdmCl Titrations.
Equilibrium unfolding and pH titrations were measured using
intrinsic tryptophan fluorescence emission intensity. Protein
samples were diluted to varying final pH and GdmCl
concentrations and equilibrated overnight. Fluorescence
spectra were acquired on a Fluoromax-2 spectrofluorimeter
(SPEX, Edison, NJ). Fluorescence emission was measured
as total intensity over the 300-450 nm emission range after
excitation at 293 nm.

Manual-Mixing Fluorescence.Unfolding experiments were
initiated by addition of native IL-1â stock into a cuvette to
final GdmCl concentrations ranging from 2 to 5 M. Refolding
experiments were initiated by dilution of unfolded IL-1â at
2.2 M GdmCl to final GdmCl concentrations ranging from
0.2 to 1.8 M. The kinetics of folding reactions with relaxation
times greater than 10 s were measured by the time dependent
change in fluorescence emission at 343 nm (slit 1 mm) while
exciting at 293 (slit 1 mm) nm using a Fluoromax-2
spectrofluorimeter equipped with a Neslab RTE-111 tem-
perature controller.

Stopped-Flow Fluorescence.Folding reactions with re-
laxation times less than 10 s were monitored with an Applied
Photophysics SX.17MV (Applied Photophysics, London)
stopped-flow unit with a path length of 0.1 cm. Refolding
experiments were initiated by a 1:10 dilution of unfolded
IL-1â at 2.2 M GdmCl to final GdmCl concentrations

ranging from 0.2 to 1.8 M. Unfolding experiments used 1:1
ratio mixing sizes such that 1 part native IL-1â dilutes into
1 part GdmCl buffer. Excitation was at 293 nm, and emission
was collected through a>320 nm cutoff filter. Each kinetic
trace is the average of 10-20 data acquisitions.

Data Analysis.The total fluorescence emissionI total was
determined by the sum of the intensity between 300 and 450
nm as given in eq 1:

It should be noted that that quantitative titration measure-
ments of chemical reactions usingI total as a probe can be
complicated by the fact that different absorbance extinction
coefficients between the reactant and product will give
inaccurate results (17). Fortunately, the extinction coefficients
between native (ε280 ) 11.26 mM-1 cm-1) and unfolded (ε280

) 11.10 mM-1 cm-1) states of IL-1â are very similar and
allow the use of tryptophan fluorescence for quantitative
folding measurements (17).

The average fluorescence wavelengthλaveragewas deter-
mined by the center of mass of the fluorescence spectra given
in eq 2:

whereλ is the wavelength of light in nanometers at each
point in the spectra andIλ is the intensity of light at
wavelengthλ. It should be noted that quantitative titration
measurements of chemical reactions usingλaverageas a probe
can be complicated by the fact that different fluorescence
intensities (I total) between the reactant and product will give
inaccurate results (17). Since this is the case with IL-1â
native and unfolded states,λaverageshould be used only as a
qualitative probe.

Equilibrium fluorescence data were fit with in-house
software a two state model:

where the protein can either be in a folded state, X, or the
unfolded state, U (18). This analysis may be applied to any
experimentally detectable folding species, such as X) N,
the stable native state or X) I, a metastable kinetic folding
intermediate (18). The apparent fraction of unfolded state,
FXU

app, populated at given GdmCl concentration [GdmCl] is
estimated from the observed signalSobserved, the linear
extrapolation of the [GdmCl]-dependent baseline signal of
the species X (SX

[GdmCl])0 + S′X[GdmCl]), and the linear
extrapolation of the [GdmCl] dependent baseline signal of
the unfolded ensemble U (SU

[GdmCl])0 + S′U[GdmCl]) with
eq 4a:

Itotal ) ∑
300-450nm

Iλ (1)

λaverage)

∑
300-450nm

λ* Iλ

∑
300-450nm

λ
(2)

X a U (3)

FXU
app)

Sobserved- (SX
[GdmCl])0 + S′X[GdmCl])

(SU
[GdmCl])0 + S′U[GdmCl]) - (SX

[GdmCl])0 + S′X[GdmCl])
(4a)
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The apparent free energy of unfolding species X,∆GXU
app, is

fit from the estimated values ofFXU
app with eq 4b:

The free energy of unfolding species X at 0 M GdmCl,
∆GXU

H2O, is determined by extrapolating∆GXU
app to 0 M

GdmCl with a linear free energy dependence term,mXU, and
is shown in eq 5 (19, 20):

Manual mixing and stopped flow kinetic data were fit to eq
6 using the Marquardt algorithm (21) and in-house software

The number of kinetic processesi, observed rate constant
λi, signal amplitudeAi of each exponential kinetic processi
and the final signal valueA(8) at equilibrium were deter-
mined using the fit quality represented in the reduced chi-
squared (ør

2) values (22), the random dispersion of residu-
als, and the logical consistency of the generated fitting
parameters. The observed rate constants,λi, do not neces-
sarily measure the true microscopic rate constantki for a
kinetic process (23, 24).

RESULTS

Equilibrium Fluorescence pH Tirations. Figure 1A shows
the effect of pH on the total fluorescence emissionI total of
native and unfolded IL-1â. TheItotal of native IL-1â increases
from 2.45× 109 cps to 1.65× 109 cps as the pH is lowered
from 7 to 5. TheI total of the unfolded ensemble remains
relatively constant at 1.65× 109 cps and is insensitive to
changes in solution pH. Figure 1B shows the effect of pH
on the average fluorescent wavelength,λaverage, of native and
unfolded IL-1â. Theλaverageis 345 nm for native IL-1â and
353 nm for unfolded IL-1â. Neither native nor unfolded
λaverageis altered by a pH change between 5 and 7.

Equilibrium Fluorescence GdmCl Tirations. Equilibrium
total fluorescence emission during GdmCl titration of IL-
1â at pH 5.0, 5.3, 5.8, 6.0, 6.2, 6.3, 6.5, and 7.0 are shown
in Figure 2A. The center of the transition region is at a higher
GdmCl concentration at lower pH, indicating an increase in
stability at lower pH. This apparent increase in stability is
confirmed by fitting the equilibrium transitions in Figure 2A
for thermodynamic stability∆GNU

H2O (kcal/mol) and GdmCl
sensitivity mNU (kcal mol-1 [GdmCl]-1) using eqs 4a, 4b,
and 5 (see Methods). Figure 2B shows the fitted values for
the thermodynamic stability∆GNU

H2O (kcal/mol) and GdmCl
sensitivity mNU (kcal mol-1 [GdmCl]-1) at pH 5.0, 5.3,
5.8, 6.0, 6.2, 6.3, 6.5, and 7.0. The GdmCl sensitivitymNU

is 5.1 ( 0.40 kcal mol-1 [GdmCl]-1 and insensitive to
changes in solution pH. SincemNU has been shown to be
independent of pH, the reported error is determined at the
95% confidence interval using a value ofmNU measured at
each of the eight pH conditions (8 independent measurements
of mNU/7 degrees of freedom). The thermodynamic stability

∆GNU
H2O decreases from 8.5 to 5.5 kcal/mol as pH is in-

creased from 5 to 7.
Fluorescence Measured Kinetics. A plot of the change in

fluorescence intensity as a function of time for a stopped-

FXU
app) e-∆GXU

app/RT

1 + e-∆GXU
app/RT

(4b)

∆GXU
app) ∆∆GXU

H2O + mXU[GdmCl] (5)

A(t) ) ∑
i)1

n

Ai e
-λit + A(∞) (6)

FIGURE 1: (A) Tryptophan fluorescence emission (I total) of native
IL-1â (O) and IL-1â unfolded in 3M GdmCl (4) at pH between 5
and 7. (B) Average fluorescence wavelength (λaverage) of native IL-
1â (O) and IL-1â unfolded in 3M GdmCl (4) at pH between 5
and 7.

FIGURE 2: (A) Tryptophan fluorescence emission (I total) from
GdmCl titrations of IL-1â at pH between 5 and 7. (B) Parameters
∆GNU

H2O (sOs) andm-valuemNU (--b--) fit using eqs 4a, 4b, and
5 for each GdmCl titration between pH 5 and 7.
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flow refolding jump of WT IL-1â from 2.2 to 0.2 M GdmCl
at pH 5.0 is given in Figure 3A. The first 1 s of thereaction
is shown for clarity. An initial increase in fluorescence
intensity followed by a slower decay to the expected
equilibrium value and fits to two exponential processes with
observed rate constantsλ2 (fast) andλ1 (slow). The observed
rate constant of fluorescence increase,λ2, measures the
population of a highly fluorescent intermediate from the
unfolded state. The subsequent observed rate constant of
fluorescence decrease,λ1, measures the population of the
native state from the intermediate. This model of IL-1â
folding from fluorescence data is consistent with species
detected using pulse-labeling techniques (3, 5). The calcu-
lated fit of the data to two exponential process is shown for
comparison (Figure 3A). The plot of the residual errors for
the fit of the data to a two exponential equation is given in
the inset to Figure 3A. As demonstrated in Figure 3B (0.2
M GdmCl) and 3C (1.0 M GdmCl), the slower processλ1

has either a negative (Figure 3B) or positive (Figure 3C)
fluorescence amplitude, depending upon the final GdmCl
concentration in the refolding jumps as described in previous
work (4, 25). This observation is consistent with the changes
in equilibrium fluorescence measurements of the native state
observed between 0.2 and 1.0 M GdmCl, respectively.
Analysis of both WT and K97I unfolding fluorescence data
under all conditions fit best to one exponential process, the
observed rate constant consistent withλ1. The faster observed
rate process,λ2, is observed in refolding but not observed in

unfolding experiments by either manual mixing or stopped
flow techniques (data not shown). At high GdmCl concentra-
tions, the intermediate is not significantly populated and thus
observed rate constantλ1 measures the transition from the
native to the unfolded state. Furthermore, the rate of theλ2

transition is significantly faster thanλ1. In unfolding experi-
ments of IL-1â, the slower processλ1 precedes the faster
processλ2 and would therefore “mask” theλ2 amplitude,
such that onlyλ1 would be effectively observed. However,
it should be noted that values ofλ2 under unfolding
conditions can be estimated from refolding measurements
in the transition region (1.4-2.0 M [GdmCl]).

Fluorescence-detected folding kinetics for IL-1â were
performed over a series of final GdmCl and pH concentra-
tions. Previous experiments have shown that the IL-1â
folding kinetics, in the absence of aggregation, can be
adequately characterized with a two exponential fit (4, 26).
Taken together with hydrogen-deuterium exchange pulse
labeling studies (5), these kinetics have been shown to fit
best to a sequential, on-pathway, folding mechanism with
three observed folding states (U, I, N) and two measurable
transition states (T2, T1), shown in Scheme 1.

In a kinetic model of Scheme 1, the measured values of
observed ratesλ2 andλ1, are determined using the following
relationships between the macroscopic rate constants for
refolding,kUT2 andkIT1, and unfolding,kIT2 andkNT1 (23, 24):

At low [GdmCl] (e0.8 M), refolding rate constants are much
greater than unfolding rate constants (kUT2 . kIT2; kIT1 . kNT1),
and the parametersλ2 andλ1 can be approximated with eqs
9ab and 10ab:

In eq 9b,kUT2

H2O is the value of rate constantkUT2 extrapolated
to 0 M GdmCl and multiplication ofkUT2

H2O by the term
emUT2[GdmCl]/RT determines the rate constantkUT2 at a given
[GdmCl] concentration. In eq 10b,kIT1

H2O is the value of
kIT1 extrapolated to 0 M GdmCl and multiplication ofkIT1

H2O

by the term emmIT1[GdmCl]/RT determines the rate constantkIT1

at a given [GdmCl] concentration.
Under refolding conditions (e0.8 M GdmCl), a linear

estimation model can be used to determine refolding free

FIGURE 3: Real-time kinetic fluorescence measurements during the
refolding of IL-1â at pH 5. (A) Refolding from 2.2 to 0.2 M GdmCl
at pH 5.0 by stopped flow mixing. Individual data points are shown
along with a 2-exponential fit (s). (inset) Residuals of the kinetics
fit to two exponential processes,λ2 andλ1. (B) Refolding from 2.2
to 0.2 M GdmCl at pH 5.0 by manual mixing. Under these
conditions, the displayed processλ1 is characterized by a decrease
in fluorescence with time. (C) Refolding from 2.2 to 1.0 M GdmCl
at pH 5.0 by manual mixing. Under these conditions, the displayed
processλ1 is characterized by an increase in fluorescence with time.

Scheme 1

λ2 ) kUT2
+ [ kNT1

kIT1
+ kNT1

]*kIT2
(7)

λ1 ) [ kUT2

kUT2
+ kIT2

]*kIT1
+ kNT1

(8)

λ2 ) kUT2
(9a)

) kUT1

H2OemUT2[GdmCl]/RT (9b)

λ1 ) kIT1
(10a)

) kIT1

H2OemIT1[GdmCl]/RT (10b)
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energy barriers from the observed rates,λ2 andλ1, at varying
GdmCl concentrations using eqs 11ab and 12ab (19, 20):

At higher [GdmCl] (g1.4 M), unfolding rate constants are
much greater than refolding rate constants (kIT2 . kUT2; kNT1

. kIT1) and the parametersλ2 andλ1 can be approximated
with eqs 13ab and 14ab:

In eq 13b,kIT2

H2O is the value ofkIT2 extrapolated to 0 M
GdmCl and multiplication ofkIT2

H2O by the term emIT2[GdmCl]/RT

determines the rate constantkIT2 at a given [GdmCl] concen-
tration. In eq 14b,kNT1

H2O is the value ofkNT1 extrapolated to 0
M GdmCl and multiplication ofkNT1

H2O by the term emNT1[GdmCl]/RT

determines the rate constantkNT1 at a given [GdmCl]
concentration.

Under unfolding conditions (g1.4 M GdmCl), a linear
estimation model can be used to determine unfolding free
energy barriers from observed rates,λ2 and λ1, using eqs
15ab and 16ab (19, 20):

The use ofkBT/h as a preexponential factor in eqs 11a, 12a,
15a, and 16a is a subject of considerable debate as the value
of kBT/h ) 10-12 is the preexponential factor for a single
bond vibration (27). Although it has often been used to
estimate the free energy of folding barriers, other studies
have used a lower value, such as a diffusion-limited
preexponential factor 10-10, based on the fact that protein
folding is clearly a more complex process than a single bond
vibration (28). However, this study focuses on the change
in the transition state free energy through the perturbation
by GdmCl and pH, in which a free energy change is the
important value and the absolute free energy values are of
lesser importance. In other words, as long as the preexpo-
nential term remains constant over the range of pH and

GdmCl concentrations studied, using eqs 11ab, 12ab, 15ab,
and 16ab is appropriate in the analysis of protein folding.

Figure 4 shows the apparent transition state free energy
barrier,∆GXTn

app, between a populated folding species (X) and
a neighboring transition state (Tn). Barrier values of∆GXTn

app,
calculated using eqs 11a/15a for theλ2 transition and 12a/16a
for theλ1 transition, are displayed in a typical “chevron plot”
over a range of GdmCl concentrations. It is important to note
that, even though theλ2 transition is not observed in
unfolding experiments, refolding measurements ofλ2 in the
transition region (1.4-2.0 M [GdmCl]) can be used to
estimate∆GIT2

app via eq 15b. The energy barriers for folding
kinetics are shown at pH 5 and 7 to indicate the effect of
pH on ∆GXTn

app values.
The assumption of linear free energy barrier change

with [GdmCl], shown in eqs 11b, 12b, 15b, and 16b,
is confirmed in Figure 4 by the expected “chevron”
shape of∆GXTn

app observed between 0 and 4 M GdmCl.
∆GXTn

app calculated fromλ2 and λ1 increase linearly be-
tween 0 and 0.8 M GdmCl, confirming that eqs 11b and
12b apply at GdmCl concentrationse0.8 M. ∆GXTn

app calcu-
lated fromλ2 andλ1 decrease linearly between 1.4 and 4.0
M GdmCl, confirming that eqs 15b and 16b apply at GdmCl
concentrationsg1.4 M.

Also shown in Figure 4 are fits of eqs 11b, 12b, 15b, and
16b to the apparent transition state free energy barriers at
varying GdmCl concentrations. Fits of∆GXTn

app values to eqs
11b, 12b, 15b, and 16b are shown at pH 5 and 7 to show

∆GUT2

app ) -RT ln(λ2h

kBT) (11a)

) ∆GUT2

H2O + mUT2
[GdmCl] (11b)

∆GIT1

app) -RT ln(λ1h

kBT) (12a)

) ∆GIT1

H2O + mIT1
[GdmCl] (12b)

λ2 ) kIT2
(13a)

) kIT2

H2OemIT2[GdmCl]/RT (13b)

λ1 ) kNT1
(14a)

) kNT1

H2OemNT1[GdmCl]/RT (14b)

∆GIT2

app) -RT ln(λ2h

kBT) (15a)

) ∆GIT2

H2O + mIT2
[GdmCl] (15b)

∆kNT1

app ) -RT ln(λ1h

kBT) (16a)

) ∆GNT1

H2O + mNT1
[GdmCl] (16b)

FIGURE 4: Free energy barriers,∆GXTn

app, of the transition states
calculated from observed kinetic processes,λ2 and λ1. Free
energy barrier∆GXTn

app, determined fromλ2 by stopped-flow re-
folding, is shown at pH 5.0 (4) and 7.0 ()). Free energy barrier
∆GXTn

app, determined fromλ1 by manual-mixing refolding, is shown
at pH 5.0 (O) and 7.0 (0). Free energy barrier∆GXTn

app, determined
from λ1 by manual-mixing unfolding, is shown at pH 5.0 (b)
and 7.0 (9). Fits of the microscopic energy barriers∆GUT2

app at pH
7 (Label 1A),∆GUT2

app at pH 5 (Label 1B),∆GIT2

app at pH 7 (Label
2A), ∆GIT2

app at pH 5 (Label 2B),∆GIT2

app at pH 7 (Label 3A),∆GIT2

app

at pH 5 (Label 3B),∆GNT1

app at pH 7 (Label 4A), and∆GNT1

app at pH
5 (Label 4B).
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the effect of pH on IL-1â folding kinetics. Refolding
transition states∆GUT2

app and∆GIT1

app are fit at GdmCl concen-
trationse0.8 M, where eqs 11b and 12b are applicable. Un-
folding transition states∆GIT2

app and∆GNT1

app are fit at GdmCl
concentrationsg1.4 M, where eqs 15b and 16b are ap-
plicable.

Kinetic parameters,∆kXTn

H2O andmXTn, are fit from eqs 11b,
12b, 15b, and 16b between pH 5-7 and are shown in Figure
5. Figure 5A shows refolding and unfolding transition state
m-valuesmXTn are not altered by pH changes between 5 and
7. For refolding,mUT2 ) 2.6 ( 0.32 kcal mol-1 [GdmCl]-1

andmIT1 ) 1.8( 0.66 kcal mol-1 [GdmCl]-1. For unfolding,
mIT2 ) 0.46 ( 0.52 kcal mol-1 [GdmCl]-1 and mNT1 )
0.45( 0.44 kcal mol-1 [GdmCl]-1. Since all values ofmXTn

are observed to be independent of pH, the reported error is
determined at the 95% confidence interval using a value of
mUT2, mIT1, mIT2, andmNT1 measured at each of the eight pH
conditions (8 independent measurements ofmUT2, mIT1, mIT2,
andmNT1/7 degrees of freedom). It must be noted that values
of mIT2 andmNT1 for unfolding transitions are on the threshold
of statistical significance since their overall values are quite
similar to the 95% confidence error of repeated manual-
mixing kinetic measurements. Thus, while it is statistically
significant that the values ofmIT2 and mNT1 are small (<1
kcal mol-1 [GdmCl]-1), it cannot be determined with greater
than 95% confidence that their values are not actually zero
(i.e., they reject the null hypothesis).

Figure 5B shows transition state energies extrapolated to
zero [GdmCl], ∆GXTn

H2O, between pH 5 and 7.∆GUT2

H2O in-
creases from 15.1 to 16.6 kcal/mol as pH is increased
from 5 to 7, indicating that the refolding Uf T2 transition
barrier is affected by pH changes.∆GIT1

H2O increases from
18.3 to 20.3 kcal/mol as pH is increased from 5 to 7,
indicating that the If T1 refolding transition barrier is
also affected by pH changes.∆GIT2

H2O and ∆GNT1

H2O remain

unchanged at 18.5( 0.48 and 22.2( 0.84 kcal/mol,
respectively, as pH is increased from 5 to 7, indicating
that the unfolding If T2 and N f T1 transition barriers
are unaffected by pH changes in this range. Since unfold-
ing transition barriers,∆GIT2

H2O and ∆GNT1

H2O are observed to
be independent of pH, the reported error is determined at
the 95% confidence interval using a value of∆GIT2

H2O or
∆GNT1

H2O measured at each of the eight pH conditions (8
independent measurements of∆GIT2

H2O or ∆GNT1

H2O/7 degrees
of freedom).

Amplitude Analysis. A global fit of IL-1â kinetic ampli-
tudes is not as informative as the change in sign of the
fluorescence signal for theλ1 refolding amplitude,A1,
between low and high GdmCl concentrations, as described
previously (Figure 3B,C) (4). However, theλ2 amplitude,
A2, is positive at all GdmCl concentrations and can be used
to estimate the thermodynamic stability∆GIU

H2O andm-value
mIU for the kinetic intermediate I (18). Figure 6A showsA2

between 0 and 3 M GdmCl and pH 5-7. In Figure 6A, the
GdmCl concentration of the transition midpoint CM is shown
to shift to higher GdmCl concentrations as pH changes from
7 to 5. Figure 6B shows the parameters∆GIU

H2O and mIU

between pH 5-7, fitted from eqs 4a, 4b, and 5 using the
measured amplitudeA2 ) Sobservedin eq 4a. ParametermIU

) 3.1( 0.88 kcal mol-1 [GdmCl]-1 and is largely unchanged
between pH 5-7. Since the value ofmIU is observed to
be independent of pH, the reported error is determined at
the 95% confidence interval using a value ofmIU measured
at each of the eight pH conditions (8 independent measure-
ments ofmIU/7 degrees of freedom). However, the parameter
∆GIU

H2O does change with pH.∆GIU
H2O decreases from 3.5

kcal/mol at pH 5 to 2.0 kcal/mol at pH 7. This trend of

FIGURE 5: (A) Fitted m-valuesmUT2 (-4-), mIT1 (-O-), mIT2

(--2--), andmNT1 (--b--). (B) Fitted microscopic free energy barriers
extrapolated to 0 M GdmCl: ∆GUT2

H2O (-4-), ∆GIT1

H2O (-O-),
∆GIT2

H2O (--2--), and∆GNT1

H2O (--b--).

FIGURE 6: (A) IL-1â tryptophan emission amplitude,A2, of theλ2
refolding process measured with stopped flow fluorescence at
increasing GdmCl concentrations and at varying pH between 5 and
7. (B) Parameters∆GIU

H2O (-O-) and m-value mIU (--b--), fit
usingλ2 amplitudes in eqs 4a, 4b, and 5 for each GdmCl titration
between pH 5 and 7.
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decreasing intermediate stability,∆GIU
H2O, is similar to the

decreasing native state stability,∆GNU
H2O, from pH 5-7.

DISCUSSION

NatiVe IL-1â Undergoes Stability Changes between pH 5
and 7. It is evident from Figure 1A that the tryptophan 120
fluorescence emission is quenched as pH is increased from
5 to 7. However, as shown qualitatively in Figure 1B, this
pH change does not alter the average fluorescent wavelength
and therefore does not significantly alter the solvent acces-
sibility of Trp120. The results of Figure 1A and 1B are
consistent with an earlier biophysical study (1). The second-
ary structure difference between IL-1â at pH 5.4 and 7 shows
little difference, and the observed fluorescence emission
change is proposed to result from local structural and/or
electrostatic changes near Trp120 (29).

To determine whether the fluorescence changes in Figure
1A correlate with changes in thermodynamic stability,
GdmCl titrations of IL-1â were performed at various solution
pH values (Figure 2A). In Figure 2B, it is shown that
thermodynamic stability∆GNU

H2O decreases from 8.5 to 5.2
kcal/mol as pH is increased from 5 to 7. Them-valuemNU

is 5.1 ( 0.4 and is not significantly affected between pH
5-7. The values of∆GNU

H2O andmNU are in good agreement
with ∆GNU

H2O and mNU values measured in previous experi-
ments (1, 30). Small deviations between the parameters
reported in the present study and previously reported
experimental values may be due to different buffer conditions
or fitting methods (31).

Them-value has been shown to correlate linearly with the
amount of solvent accessible surface area difference between
an unfolded polypeptide chain and native state (∆SASA) in
a number of proteins (7). Thus, the absence of pH-dependent
changes in GdmCl sensitivitymNU (Figure 2A) and the
average fluorescent wavelengthλaverage(Figure 1B) suggest
that the amount of surface area buried by native IL-1â does
not change significantly between pH 5 and 7.

Refolding IL-1â Transition State Stabilities Change be-
tween pH 5 and 7. Two refolding transitions and two
unfolding transitions can be accurately measured with kinetic
measurements of IL-1â folding (Figure 3). It is important to
note that the observed rate of the unfolding transition If U
can only be quantitated from refolding experiments in the
transition region (1.4-2.0 M GdmCl) and is not observed
in unfolding experiments (see Results). Them-values of the
folding transitions, T2 and T1, remain unchanged between
pH 5 and 7 (Figure 5A). In addition, refoldingm-values,
mUT2 and mIT1, are significantly larger than unfoldingm-
values,mIT2 andmNT1. Figure 5B shows that∆GXN2

H2O values
are changed by pH. These changes are most evident in
refolding parameters,∆GUT2

H2O and ∆GIT2

H2O, and are not sig-
nificantly observed in the unfolding parameters,∆GIT2

H2O and
∆GNT1

H2O. Thus, the native state stability∆GNU
H2O decrease

(Figure 2B) corresponds with increases in the refolding,
not unfolding, transition state energy barriers,∆GUT2

H2O and
∆GIT1

H2O (Figure 5B), as the pH is increased from 5 to 7.
The Thermodynamics of IL-1â Folded States Can Be

Accurately Described with a Sequential Three-State Kinetic
Model.Figure 6A,B shows that the IL-1â kinetic intermediate
stability ∆GIU

H2O, but not m-value mIU, decreases as pH is
shifted from 5 to 7. The trends in these parameters are similar

to those of the native state parameters∆GNU
H2O and mNU,

indicating similar structural properties between the interme-
diate and native state. This finding is consistent with a
sequential IL-1â folding mechanism and an on-pathway
intermediate (5). However, at present, a full assessment of
whether the kinetic parameters of whether this sequential
three-state kinetic model is in agreement with the thermo-
dynamic parameters of the stable native state and the
metastable intermediate ensemble has yet to be done.

An initial test of any kinetic folding model is whether it
can reproduce the native state thermodynamic parameters
determined from equilibrium studies (∆GNU

H2O and mNU)
(Figure 2A,B) using parameters measured from kinetic rates.
Also, thermodynamic analysis of theλ2 kinetic amplitude
A2 has been used to measure the thermodynamic parameters
of the intermediate species (∆GIU

H2O andmIU) (Figure 6A,B),
which are also important values to compare with the
proposed kinetic model.

To compare a proposed kinetic model with preexisting
thermodynamic data, parameters obtained from kinetic
studies must be converted into thermodynamic values. For
a simple sequential mechanism, the thermodynamic value
of any species along the folding pathway is obtained through
direct summation of the kinetic transition state parameters,
∆GXTn

H2O and mXTn, up to that species (32). It is important
to note that, for determination of free energies by this method,
summation of the refolding free energy barrier heights is
additive while the barrier heights of unfolding transitions
are subtracted from the total. Thus, to accept the three-state
sequential folding model in Scheme 1 as a valid model, a
number of comparisons must be made.

First, the sum of kineticm-values,mIU
kinetic ) mUT2 + mIT2,

should be roughly equivalent to the equilibrium intermediate
m-value, mIU (determined from kinetic amplitude analysis
in Figures 6AB)

Second, the sum of kineticm-values,mNU
kinetic ) mUT2 + mIT2

+ mIT1 + mNT1, should be roughly equivalent to the
equilibrium nativem-value,mNU (determined from equilib-
rium GdmCl titration in Figures 2AB)

Third, the sum of kinetic∆G-values,∆GIU
kinetic ) ∆GUT2

H2O -
∆GIT2

H2O, should be roughly equivalent to the equilibrium
intermediate∆G-value, ∆GIU

H2O (determined from kinetic
amplitude analysis in Figures 6AB)

Last, the sum of kinetic∆G-values,∆GNU
kinetic ) ∆GUT2

H2O -
∆GIT2

H2O + ∆GIT1

H2O - ∆GNT1

H2O, should be roughly equivalent to
the equilibrium native∆G-value,∆GNU

H2O (determined from
equilibrium GdmCl titration in Figures 2AB)

mIU ≈ mIU
kinetic ) mUT2

+ mIT2
(17)

mNU ≈ mNU
kinetic ) mUT2

+ mIT2
+ mIT1

+ mNT1
(18)

∆GIU
H2O ≈ ∆GIU

kinetic ) ∆GUT2

H2O - ∆GIT2

H2O (19)

∆GNU
H2O ≈ ∆GNU

kinetic ) ∆GUT2

H2O - ∆GIT2

H2O + ∆GIT1

H2O - ∆GNT1

H2O

(20)
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Figure 7AB indicates that the agreement between kinetic
and equilibrium parameters shown in eqs 17-20 does indeed
exist in the pH range 5-7. Figure 7A shows that the kinetic
m-value calculations,mIU

kinetic ) 3.1 ( 1.3 kcal mol-1

[GdmCl]-1 andmNU
kinetic ) 5.4 ( 1.3 kcal mol-1 [GdmCl]-1,

are roughly equivalent to the equilibriumm-value measure-
ments,mIU ) 3.1 ( 0.88 kcal mol-1 [GdmCl]-1 andmNU )
5.2 ( 0.40 kcal mol-1 [GdmCl]-1, respectively, in the pH
range 5-7. Since both kinetic and equilibriumm-values are
observed to be independent of pH, the reported error is
determined at the 95% confidence interval using them-values
measured at each of the eight pH conditions (8 independent
m-value measurements/7 degrees of freedom).

Figure 7B shows that the kinetic∆G-value calculations,
∆GIU

kinetic and ∆GNU
kinetic, are roughly equivalent to the equi-

librium ∆G-value measurements,∆GIU
H2O and ∆GNU

H2O, re-
spectively, in the pH range 5-7. This observed agreement
between equilibrium measurements and kinetic measurements
of IL-1â folding parameters provides strong evidence sup-
porting the three-state sequential mechanism proposed in
Scheme 1. Any additional macroscopic folding species, if
present, would contribute a minimal contribution to free
energy or solvent accessibility changes beyond that of U, I,
and N.

The m-values in Figure 5A and∆G-values in Figure 5B
can be represented in a free energy diagram of IL-1â folding
in accordance with the sequential mechanism of Scheme 1
(Figure 8). Shown in Figure 8 is the free energy profile of

sequential IL-1â folding in Scheme 1 between unfolded
ensemble U, Uf I transition state T2, intermediate I, If
N transition state T1, and native state N. It should be noted
that the mechanism shown in Figure 8 is based on two
simplifying assumptions. The first assumption is that, as
mentioned earlier (see Results), the transition state free
energy barrier heights have been quantitated usingh/kBT as
the preexponential factor. The second assumption is that IL-
1â folding occurs through a single pathway occupied by
discrete states U, T1, I, T2, and N when, in fact, these
macroscopic states are each an ensemble of microscopic
states. This second assumption can be justified by the fact
that simplified pathways, such as that shown in Figure 8,
can successfully characterize macroscopic protein folding
experiments which measure the average properties of the
protein ensemble (27). Furthermore, limitations of macro-
scopic experimental data preclude fitting protein folding
measurements with overly complex microscopic models. To
address these assumptions in the future, work on IL-1â
folding will be directed at quantifying the actual barrier
heights as well developing methods to measure microscopic
diversity within the protein folding ensemble.

In Figure 8, the position of each folding ensemble on the
y-axis corresponds to the average apparent free energy∆G
(kcal/mol) of each folding ensemblesU, T2, I, T1, and N.
The position on thex-axis displays them-values (kcal/mol-
[GdmCl]) of each of folding ensemblesU, T2, I, T1, and N.
The m-value (x-axis) of each species is measured by the
cumulative kineticm-values preceding the species in the
folding pathway. For example, them-value and∆G-value
of T1 are determined by

FIGURE 7: (A) Comparison of them-values obtained by kinetic
and equilibrium methods. Comparison of them-values for the IL-
1â intermediate I measured by kinetic methods,mIU

kinetic (--2--),
and equilibrium methods,mIU (-4-). Comparison of them-values
for the IL-1â native state N measured by kinetic methods,mNU

kinetic

(--b--), and equilibrium methods,mNU (-O-). (B) Comparison
of the ∆G-values obtained by kinetic and equilibrium methods.
Comparison of the∆G-values for the IL-1â intermediate I measured
by kinetic methods,∆GIU

kinetic (--2--), and equilibrium methods,
∆GIU

H2O (-4-). Comparison of them-values for the IL-1â native
state N measured by kinetic methods,∆GNU

kinetic (--b--), and
equilibrium methods,∆GNU

H2O (-O-).

FIGURE 8: Free energy profile of the IL-1â folding reaction, plotting
the free energy∆G-values vsm-values of unfolded ensemble (U),
U a I transition state (T2), intermediate (I), Ia N transition state
(T1), and native (N) folding species. Also shown for comparison is
the free energy profile of IL-1â at pH 5 (s) and pH 7 (---). The
x-axis reaction coordinate is characterized by the summation of
m-values and is assumed to be proportional to the fraction of native
solvent accessible surface area buried in each species.

∆GT1
) ∆GUT2

H2O - ∆GIT2

H2O + ∆GIT1

H2O (21)

mT1
) mUT2

+ mIT2
+ mIT1

(22)
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In Figure 8, them-value of each species can be used to deter-
mine the similarity of each IL-1â folding species to the native
state, i.e., as the reaction coordinate (i.e., a variable which will
linearly quantitate the amount of “nativeness”). Them-value
is used as a reaction coordinate since it has been shown to
correlate linearly with the physical property of∆SASA
between the native and unfolded states in proteins (7).

In Figure 8, free energy profiles at pH 5 and 7 illustrate
that pH alters the thermodynamic stability∆G (y-axis) of
species on the pathway but does not significantly alter the
m-values (x-axis). Thus, the∆SASA of IL-1â does not
appear to change significantly between pH 5 and 7 even
though the thermodynamic stability is significantly changed.
This finding is consistent with lack of change in the average
fluorescence wavelength between pH 5-7 (Figure 1B) and
secondary structure (1, 29).

Transition state T2 and T1 ∆SASAs Are Highly Similar to
the ∆SASAs of Macroscopic Folding Species I and N,
RespectiVely. Properties of protein folding transition states
are difficult to study due to the fact that, by definition,
transition states do not significantly populate during folding.
However, the∆SASA of a transition state may be inferred
by comparing them-values of the transition state with the
m-value of the native state. In simple two-state folding
proteins, the parameterâU is used to measure of the fraction
of native∆SASA in the transition state (33, 34)

The parametersmfolding andmunfolding are the kineticm-values
for folding and unfolding, respectively. By definition,âU )
0 for the unfolded ensemble andâU ) 1 for the native state.
In the case of a three-state folding protein, such as IL-1â,
the measurement ofâU is complicated by multiple folding
species (transition states T2 and T1, intermediate I). For a
three-state folding protein,âU for states T2, I, and T1 would
be characterized through eqs 24-26:

In eqs 24-26, âU measures the fraction of native∆SASA
each species. In two-state proteins,âU is a straightforward
measure of the transition state placement. Since two transi-
tions exist in three-state proteins, each transition state must
be normalized between the reactant and product of each
folding step. To compare the transition state placement in
three-state proteins, a parameterâV is calculated for both
folding transition states in a three-state protein. The Uf I
transition state, T2, is characterized with the parameterâT2

V ,
calculated using eq 27:

The I f N transition state, T1, is characterized with the
parameterâT1

V , calculated using eq 28:

Figure 9A shows the values ofâU for IL-1â folding species
T2, I, and T1 between pH 5-7. All values ofâT2

V , âI
U, and

âT1

U do not change significantly between pH 5-7, indicating
the ∆SASA of transition states and intermediates in the
IL-1â folding pathway do not change between pH 5-7. âT2

U

is 0.48 ( 0.17, indicating that approximately 50% of the
native∆SASA is buried in the early transition state T2. âI

U

is 0.58 ( 0.17, a value consistent with the percentage of
native signal from CD folding kinetics (26) and amide-
hydrogen exchange protection (5). âT1

U is 0.93 ( 0.094,
indicating that 93% of native∆SASA is buried at the later
transition state T1. Since the values ofâT2

U , âI
U, and âT1

U

are observed to be independent of pH, the reported error
is determined at the 95% confidence interval using the
values ofâT2

U , âI
U, and âT1

U measured at each of the eight
pH conditions (8 independent measurements ofâT2

U , âI
U,

andâT1

U /7 degrees of freedom).
Figure 9B shows the values ofâV for IL-1â transition

states T2 and T1 between pH 5-7. As withâU in Figure 9A,
the âV parameters in Figure 9B do not change appreciably
between pH 5 and 7.âT2

U is 0.89 ( 0.15, indicating that
transition state T2 is highly similar to the intermediate I.âT1

V

is 0.76( 0.32, indicating that transition state T1 is highly
similar to the native state N. Since the values ofâT2

V and
âT1

V are observed to be independent of pH, the reported
error is determined at the 95% confidence interval using
the values ofâT2

V and âT1

V measured at each of the eight

âU )
mfolding

mfolding + munfolding
(23)

âT2

U )
mUT2

mNU
kinetic

(24)

âI
U )

mUT2
+ mIT2

mNU
kinetic

(25)

âT1

U )
mUT2

+ mIT2
+ mIT1

mNU
kinetic

(26)

âT2

V )
mUT2

mUT2
+ mIT2

(27)

FIGURE 9: (A) âU values of IL-1â folding species: transition state
T2, âT2

U (--4--); intermediate I,âI
U (--2--); and transition state T1,

âT1

U (-O-), relative to the native state. (B)âV values of transition
state T2 relative to the Uf I transition, âT2

V (--4--), and transi-
tion state T1 relative to the If N transition,âT1

U (-O-).

âT1

V )
mIT1

mIT1
+ mNT1

(28)
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pH conditions (8 independent measurements ofâT2

V andâT1

V /
7 degrees of freedom).

âT2

V andâT1

V for IL-1â can be compared to theâV values of
other proteins. Table 1 shows a comparison of three-state
folding proteins with respect to the following parameters:

• âT2

U , the position of the transition state T2 in the Uf N
folding pathway, where U is the unfolded ensemble and
N is the native state.âT2

U ) 0 indicates that T2 has the same
∆SASA as U andâT2

U ) 1 indicates that T2 has the same
∆SASA as N.

• âT2

V , the position of the transition state T2 in the U f I
folding transition, where U is the unfolded ensemble and I
is the partially folded intermediate ensemble.âT2

U ) 0 indi-
cates that T2 has the same∆SASA as U andâT2

V ) 1
indicates that T2 has the same∆SASA as I.

• ln kUT2

H2O, the natural log of the rate constant determined
for the folding reaction:

• âI
U, the position of the intermediate I in the Uf N

folding pathway, where U is the unfolded ensemble and
N is the native state.âI

U ) 0 indicates that I has the same
∆SASA as U andâI

U ) 1 indicates that I has the same
∆SASA as N.

• âT1

U , the position of the transition state T1 in the Uf N
folding pathway, where U is the unfolded ensemble and
N is the native state.âT1

U ) 0 indicates that T1 has the same
∆SASA as U andâT1

U ) 1 indicates that T1 has the same
∆SASA as N.

• âT1

V , the position of the final transition state T1 in
the I f N folding transition, where I is a partially folded
intermediate populated in the folding of three-state pro-
teins.âT1

V ) 0 indicates that T1 has the same∆SASA as I
and âT1

V ) 1 indicates that T1 has the same∆SASA as N.
• ln kIT1

H2O, the natural log of the rate constant deter-
mined for the folding reaction

in three-state proteins.
Previous work has examined possible correlation between

transition state placement, characterized by the parameter

âV, and folding rates in two-state folding proteins. High
values of âV have been shown to correlate with slower
folding rates in model calculations and has been attributed
to increased configurational entropy to the transition state
free energy barrier at higher values ofâV (35). However,
the apparent folding rate constant,kH2O, in two-state proteins
was found to be only loosely correlated withâV and was
been shown to be better correlated with the parameter of
contact order (36).

In this study, IL-1â has been shown to be a three-state
folding protein. Therefore, the most appropriate parameter
comparison is between IL-1â and other three-state folding
proteins (shown in Table 1). In all three-state proteins except
IL-1â, the initial transition, Uf I equilibrates within the
dead time of stopped flow mixing. In the case of ubiquitin,
submillisecond kinetics have been quantitated with fitting
methods and can be used for comparison to IL-1â. Although
the comparison of the Uf I reaction in three-state proteins
consists of only these two proteins, there are notable differ-
ences between them. The fast folding ubiquitin (lnkUT2

H2O )
6.6) has a transition state, T2, highly similar to the un-
folded ensemble, U, as indicated by the parameterâT2

V )
0.0. The slow folding IL-1â (ln kUT2

H2O ) 1.4) has a transition
state, T2, highly similar to the intermediate, I, as indicated
by the parameterâT2

V ) 0.89. This observation suggests that
high âT2

V values may result in slower Uf I folding in three-
state proteins.

All values of âI
U for the intermediate I in the three-state

proteins suggest that the intermediate typically possesses
50-70% of native state∆SASA, as does IL-1â (55%).
Thus, the degree of folding in the folding intermediate is
consistent across this set of three-state proteins. To address
the I f N transition state, T1, it is noteworthy that the
IL-1â parameter,âT1

V ) 0.76, is the highest of all three-
state proteins and the rate,kIT1

H2O, is the slowest. Unlike the
poor correlation reported for two-state proteins (36), a
good linear correlation is found betweenâT1

V and ln kXT1

H2O

in three-state proteins (R2 ) 0.90). Thus, transition state
placement appears to correlate with slow If N folding in
three-state proteins.

Comparison of IL-1â to Otherâ-Trefoil Proteins.Contact
order has been shown to correlate with the folding rates of
two-state folding proteins. For this reason, comparing the
folding properties of proteins which have similar contacts
order can elucidate the extent to which contact order defines
folding rates and pathways. If contact order entirely defined
protein folding, all members of a structural family would

Table 1: Comparison of Three-State Folding Proteins with Respect to Various Parametersa

T2 I T1
three-state

protein (ref) âT2

U âT2

V ln kUT2

H2O âI
U âT1

U âT1

V ln kIT1

H2O

ubiquitin (24) 0.00 0.00 6.6 0.65 0.65 0.00 5.9
RNase A (40) - - burst 0.45 0.47 0.05 4.8
CheY (41) - - burst 0.69 0.77 0.25 3.1
Barnase (42) - - burst 0.50 0.75 0.50 2.5
N-PGK (43) - - burst 0.72 0.80 0.43 2.3
RNase H (44) - - burst 0.58 0.80 0.52 -0.3
IL-1â 0.48( 0.17 0.89( 0.15 1.4 0.58( 0.17 0.93( 0.09 0.76( 0.32 -4.0
a Since, for IL-1â, parametersâU andâV are observed to be independent of pH, the reported error inmNU for IL-1â is determined at the 95%

confidence interval using them-values measured at each of the 8 pH conditions (8 independentm-value measurements/7 degrees of freedom).
Kinetic rates for IL-1â are reported at pH 7.0. All parameters for other proteins are determined from the values in the listed reference.

U98
kUT2

H2O

I

I98
kIT2

H2O

N
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fold at the similar rates with the same basic pathway
mechanism.

Although the folding ofâ-trefoil proteins appear to share
some properties in common, they are by no means com-
pletely similar. Table 2 lists a number of folding properties
measured for eachâ-trefoil protein. From Table 2, certain
properties appear to be conserved among theâ-trefoil
proteins studied, although there are clear exceptions. Ex-
perimental conditions can be found for each protein where
folding kinetics, monitored by tryptophan fluorescence, are
best fit with a biexponential function. The degree to which
a basic mechanism is conserved is unclear, since the number
of exponentials required to fit the folding kinetics can change
depending on the experimental probe used and protein
stability during the measurements (11-14). Nonetheless,
discrete transient intermediates appear to consistently popu-
late in the folding of â-trefoil proteins. However, the
structural properties of these transient intermediates also
appear to be inconsistent. For example, in IL-1â and
hisactophilin, the intermediate demonstrates hydrogen ex-
change protection in the central strands while, in aFGF, early
hydrogen exchange protection is observed at the N and C
termini.

The relatively slow rate of folding observed for bothkFast
H2O

andkSlow
H2O of IL-1â is also shared among the otherâ-trefoil

proteins. Hisactophilin, at pH 7.8 in D2O, is the exception
as it is an order of magnitude faster than the otherâ-trefoil
proteins for bothkFast

H2O andkSlow
H2O . Regardless, hisactophilin is

still considered a slow folder compared to the three-state
proteins described in Table 1. Thus, theâ-trefoil topology
does appear to result in slow folding in the proteins studied
thus far.

The data in Table 1 indicates that highâT
V values

correlate with slow folding rates in three-state proteins. Due
to the fact thatâT

V values are not reported for the individual
steps Uf I and I f N in the otherâ-trefoil proteins, a
comparison ofâT

V within this structural family cannot be
made yet. A value ofâT

V ) 0.71 is reported for hisactophi-
lin assuming a two-state, not three-state, folding model and
is therefore not directly comparable to IL-1â parametersâT2

V

andâT1

V .
Despite this fact, the features of the transition state

ensemble can be probed by determining ifâT
V changes

significantly at different stabilities∆GNU (∂âT
V/∂∆GNU). If

∂âT
V/∂∆GNU is observed, it has been attributed to shifting

populations of different high-energy transition state con-
figurations across different stability conditions (37). If
∂âT

V/∂∆GNU is not observed, it has been attributed to an
ensemble of high energy transition state configurations which
dominate under all stability conditions (37). Thus, low value
of ∂âT

V/∂∆GNU is indicative of a “robust” ensemble of high-
energy transition state configurations.

One probe of the high-energy transition state robustness
is ∂âT

V/∂pH, a parameter reported for both IL-1â and
hisactophilin. In both proteins,∂âT

V/∂pH is either zero or
small enough to be statistically insignificant, indicating that
the transition state position does not move significantly when
the stability is altered by pH shifts. This behavior has been
attributed to a landscape where a limited set of high-energy
transition state configurations occupy the transition state
regardless of varying stability. It should be noted that
∂âT

V/∂pH only probes the high-energy transition state con-
figurations which are destabilized by pH shifts (i.e., elec-
trostatic interactions).

Another method used to examine the high-energy transition
state robustness is quantifying curvature,m′′NTX

, in the slope
of the unfolding kinetic parameter, logkNTX, versus denaturant
concentration [D] through eq 29:

The subscript TX in the variablekNTX
refers to the transi-

tion state immediately preceding the native state in the
folding pathway of each protein, which is typically the
transition state probed in unfolding experiments. Although
hisactophilin unfolding by urea clearly demonstrates curva-
ture (m′′NTX

) 0.0473), this curvature is not observed in
otherâ-trefoil proteins. IL-1â unfolding by GdmCl does not
indicate significant curvature as evidenced by the parameter
m′′NTX

) 0.0027( 0.05. Although values ofm′′NTX
are not

directly calculated for aFGF and bFGF, visual inspection of
aFGF/bFGF unfolding kinetics does not reveal significant
curvature.

The comparisons betweenâ-trefoil proteins indicate three
important findings. [1] The high-energy transition state
robustness of hisactophilin is lower for denaturant than pH,
while IL-1â transition state appears to be robust during either
perturbation. [2] The high-energy transition state robustness

Table 2: Folding Properties Measured for Eachâ-Trefoil Proteina

intermediates rates (s-1)b transition statesb

protein (refs) kineticsb early strandsc ln kFast
H2O ln kSlow

H2O ∂âT
V/∂pH ∂mNTX/∂[D] d

hisactophilin (13, 14) 1-2 exp 4-8 5.8 1.1 0.0( 0.0 m′′NTX
) 0.0473

aFGF (11) 2 exp 1, 12 2.0 -3.8 ? m′′NTX
∼ 0

BFGF (12) 2 exp ? -2.3 -7.0 ? m′′NTX
∼ 0

IL-1â (3-5) 2 exp 6-10 1.4 -4.0 âT2

V 0.00( 0.04 m′′NTX
) 0.0027( 0.050

âT1

V 0.04( 0.07

a Errors listed are 95% confidence intervals based on measurements at all pH conditions.b Parameters were measured from monitoring tryptophan
fluorescence as a probe. In the case of hisactophilin, rate lnkSlow

H2O is estimated from the most stable conditions (pD 7.8, D2O), where the intermediate
appears to be populated (two exponential kinetics). Listed values of lnkFast

H2O and lnkSlow
H2O are not determined rigorously from global fitting but from

direct extrapolation of the fitted rate constants to 0 M GdmCl and therefore may differ slightly from those reported in the reference.c Early strands
are determined from the earliest strands demonstrating significant hydrogen-deuterium exchange protection.d Coefficientm′′NTX

reflects a linear
dependence of the denaturant sensitivity parametermNTX on denaturant through the equationmNTX ) m′NTX

+ m′′NTX
[D].

log kNTX
) log kNTX

H2O +
m′′NTX

2.303RT
[D] -

m′′NTX

2.303RT
[D]2
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of hisactophilin may be lower than otherâ-trefoil proteins,
possibly accounting for its faster folding rate. [3] Although
similarities exist, the folding rate, early intermediate struc-
tures, and transition state robustness ofâ-trefoil proteins are
not determined exclusively by either structural topology or
contact order. This fact has also been observed in folding
studies of other structural protein families (38, 39) and
suggests that, while topology and contact order are important
determinants of protein folding, they are by no means the
only relevant factors.

Conclusions. Interleukin-1â is an allâ-sheet protein which
undergoes a 3.5 kcal/mol increase in stability as pH is
decreased from 7 to 5. The predominant native stability
changes between pH 5-7 result from changes in the folding,
not unfolding, free energy barriers. The GdmCl sensitivity
parameters, i.e.,m-values, for all folding species measured
in the interleukin-1â folding pathway are unchanged between
pH 5-7, indicating that the same high-energy transition state
ensemble limits each transition regardless of varying stability.

Kinetic and equilibrium folding analysis of interleukin-
1â between pH 5-7 indicates that interleukin-1â is well
characterized with a sequential three-state mechanism

Unlike other three-state proteins studied to date, all kinetic
transitions of IL-1â are directly measurable with stopped flow
methods. An important aspect of IL-1â folding is that the
∆SASA of early transition state ensemble T2 is highly similar
to the ∆SASA of the intermediate ensemble I. Also, the
∆SASA of the later transition state T1 is highly similar to
the∆SASA of the native state N. Compared to other three-
state proteins, IL-1â folds at a much slower rate and has a
much more nativelike transition state. These results are
supportive of the hypothesis that native state topologies
which restrict a protein to adopt nativelike transition states
result in slower experimentally measured folding rates.

Although exceptions do exist, many of the folding proper-
ties of IL-1â are shared among otherâ-trefoil proteins. This
indicates that, inâ-trefoil proteins, structural topology is a
dominant, but not absolute, predictor of folding behavior.
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