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Interleukin-33 Folding between pH 5 and 7: Experimental Evidence for Three-State
Folding Behavior and Robust Transition State Positions Late in Fdlding
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ABSTRACT:. The thermodynamic stability and folding kinetics of the @isheet protein interleukinfl

were measured between Odah M GAdmCI concentrations and pH-3. Native interleukin-£ undergoes

a 3.5 kcal/mol decrease in thermodynamic stabild&ﬁﬂﬁo, as pH is increased from 5 to 7. The native

state parametanyy, measuring protein destabilization/[GdmCI], 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, AGH°, 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 U= | == N is shown to be sufficient in characterizing Il3Xolding under all conditions

studied. Thanvalues of refolding transitions are much larger thanrthealues of unfolding transitions,
indicating that that the fast,>TU == 1), and slow, & (I == N), transition states are highly similar to the
intermediate | and native state N, respectively. Many of the folding properties of interlefildre shared

among other members of thktrefoil protein family, although clear differences can exist.

A number of previous protein folding studies have been terms of intermediate formation as well as formation of the
conducted on the aff-sheet protein, interleukingl(IL-13)* native state. With the exception of certain two-state folding
(1—3). Recent experimental work has revealed that fL.-1 proteins, most proteins initially fold to intermediate states
refolding kinetics can be fit adequately with two exponential at rates faster than can be resolved with stopped-flow mixing
processes and that a discrete intermediate ensemble is presemethods €5 ms). Recent work using ultrarapid mixing and
during refolding 4, 5). This experimental work is in good  temperature jump methods has indicated that these initial
agreement with the observation of a discrete folding inter- folding events typically occur in the microsecond time range
mediate in the folding simulation of a ILAl using only a  (8—10). By contrast, the U= | transition in IL-13 folding
C, atomic polypeptide representation of the polypeptide and is in the millisecond time range and completely accessible
a Go force field §). However, a complete thermodynamic  with stopped flow kinetic measurements. Interestingly, other
analysis of kinetic states has not been conducted to confirmmembers of thes-trefoil family studied, aFGF, bFGF, and
whether a three-state @& | = N) kinetic model is consistent  hjsactophilin, also appear to form an initial intermediate from
with the thermodynamic parameters obtained from equilib- the unfolded ensemble (& I) on a millisecond/second time
rium studies. scale (1—14). However, IL-}3 intermediate formation is

In many respects, the folding properties of Ii-Are  mych more distinct kinetically than othgrtrefoil proteins
consistent with many proteins. The thermodynamic stability, since, in IL-13, the rates of the U= | and | = N steps
m-value of equilibrium unfolding, and heat capacity are giffer by 2 orders of magnitudet). Also, the time constants
within the range expected for a protein of its siZ§.(  for p-trefoil native state formationz(= 10—1000 s), with
However, the primary difference between If-2nd other  the possible exception of hisactophilin= 0.003 s), appear
proteins is that IL-# folding is particularly slow, both in nysyally slow compared to those of other proteihs—

14).
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measurements to evaluate structural properties of the un-ranging from 0.2 to 1.8 M. Unfolding experiments used 1:1
folded, intermediate, and transition state ensembles in theratio mixing sizes such that 1 part native I|5-tlilutes into

IL-15 folding pathway.
MATERIALS AND METHODS

Expression and Purification of ILAland K971.The gene
encoding wild-type IL-B was subcloned into a pET 24-d
vector (Novagen) and transformed irffo coli BL21(DE3)
cells. Cells were grown in LB to an Qg 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@@dar
30 min.

Purification of IL-13 was based on Meyers et al5j but

with a number of modifications. Cells were resuspended in

10 mM KPQ, 0.2 mM EDTA, 5 mM DTT, and 1 mM
PMSF at pH 8.0 and then lysed by sonication atG}
followed by centrifugation at 43@Xor 30 min. Soluble IL-

15 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 NBAc, 2
mM EDTA, and 1 mM pme 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-B was eluted in a 40 column
volume linear gradient of 25240 mM NH,OAc, pH 4.5, at
a flow rate of 3 mL/min. Purity was judged to be greater
than 95% as assessed by SEFAGE. Protein concentrations
were calculated using an experimentally determiagel=
11.26 mM?! cmt (16). Purified protein was dialyzed
extensively into a constant ionic strength buffer containing
100 mM MES, 50 mM Tris-HCI, 50 mM acetic acid for
all experiments discussed. The I|&-Toncentration was 6
uM for all experiments discussed.

Equilibrium Fluorescence pH and GdmCI Titrations.
Equilibrium unfolding and pH titrations were measured using

1 part GAmCI buffer. Excitation was at 293 nm, and emission
was collected through a320 nm cutoff filter. Each kinetic
trace is the average of ¥20 data acquisitions.

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

Itotal = Z; I/l
300—-450nm

It should be noted that that quantitative titration measure-
ments of chemical reactions using as a probe can be
complicated by the fact that different absorbance extinction
coefficients between the reactant and product will give
inaccurate resultd ). Fortunately, the extinction coefficients
between nativecbgo= 11.26 mM* cm*) and unfoldedd>go

= 11.10 mM?! cm™?) states of IL-B are very similar and
allow the use of tryptophan fluorescence for quantitative

1)

folding measurementdl().

The average fluorescence wavelengifyagewas deter-
mined by the center of mass of the fluorescence spectra given
ineq 2:

A*1,
300-450nm

Zionr
300-450nm

where 1 is the wavelength of light in nanometers at each
point in the spectra and, is the intensity of light at
wavelengthl. It should be noted that quantitative titration
measurements of chemical reactions usliggageas a probe
can be complicated by the fact that different fluorescence
intensities [iota) between the reactant and product will give
inaccurate resultsly). Since this is the case with ILAL
native and unfolded state&ayerageShould be used only as a

y) ()

average

intrinsic tryptophan fluorescence emission intensity. Protein qualitative probe.

samples were diluted to varying final pH and GdmCl

Equilibrium fluorescence data were fit with in-house

concentrations and equilibrated overnight. Fluorescencesoftware a two state model:

spectra were acquired on a Fluoromax-2 spectrofluorimeter
(SPEX, Edison, NJ). Fluorescence emission was measured

as total intensity over the 36@150 nm emission range after
excitation at 293 nm.

Manual-Mixing FluorescencéJnfolding experiments were
initiated by addition of native IL-# stock into a cuvette to
final GAMCI concentrations ranging from 2 to 5 M. Refolding
experiments were initiated by dilution of unfolded I5-&t
2.2 M GdmCI to final GAMCI 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 dependen
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- the unfolded ensemble

perature controller.
Stopped-Flow Fluorescencé&olding 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-15 at 2.2 M GdmCI to final GdmCI concentrations

X=U 3)

where the protein can either be in a folded state, X, or the
unfolded state, U18). This analysis may be applied to any
experimentally detectable folding species, such as X,

the stable native state or I, a metastable kinetic folding
intermediate 18). The apparent fraction of unfolded state,
F, populated at given GdmCI concentration [GdmCI] is
estimated from the observed signat®seved the linear
xtrapolation of the [GdmCI]-dependent baseline signal of
the species X §°9"°° + g [GdmCI]), and the linear
extrapolation of the [GdMCI] dependent baseline signal of
WGP + g [GdmCI]) with

eq 4a:

Fapp —
XU
gobserved_ (GANCI0 4 & (G dmCl)

(g‘(J;dmCI]=o + S,[deCl]) o (g?dmCIFo + S([decu)
(42)
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The apparent free energy of unfolding speciesVGS}, is
fit from the estimated values ¢%;; with eq 4b:

o AGK™IRT
al i
Fo = (4b)

_ ap
1 + e AGxu™IRT

The free energy of unfolding species X @ M GdmClI,
AGR®, is determined by extrapolatinghG3* to 0 M
GdmCl with a linear free energy dependence ters,, and
is shown in eq 519, 20):

AGPP = AAGHP + m, [GAmCI] (5)
Manual mixing and stopped flow kinetic data were fit to eq
6 using the Marquardt algorithn2{) and in-house software

Al = A+ Ale)

(6)

The number of kinetic processésobserved rate constant
Ai, signal amplitude; of each exponential kinetic proceiss
and the final signal valué&(8) at equilibrium were deter-
mined using the fit quality represented in the reduced chi-
squared ;(f) values 22), the random dispersion of residu-
als, and the logical consistency of the generated fitting
parameters. The observed rate constahfgjo not neces-
sarily measure the true microscopic rate constarior a
kinetic process43, 24).

RESULTS

Equilibrium Fluorescence pH Tirationgigure 1A shows
the effect of pH on the total fluorescence emissigp, of
native and unfolded IL1. Thel, Of Native IL-15 increases
from 2.45x 10° cps to 1.65x 1(° cps as the pH is lowered
from 7 to 5. Thelw Of the unfolded ensemble remains
relatively constant at 1.65 10° cps and is insensitive to
changes in solution pH. Figure 1B shows the effect of pH
on the average fluorescent wavelengdthierage Of Native and
unfolded IL-15. The dayerageis 345 nm for native IL-£ and
353 nm for unfolded IL-£. Neither native nor unfolded
AaveragelS altered by a pH change between 5 and 7.

Equilibrium Fluorescence GdmCI TirationEquilibrium
total fluorescence emission during Gdmcl titration of IL-
15 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 stabilinAG> (kcal/mol) and GdmCl
sensitivity myy (kcal mol* [GdmCI]™Y) using egs 4a, 4b,
and 5 (see Methods). Figure 2B shows the fitted values for
the thermodynamic stabilitxAGH@o (kcal/mol) and GdmCl
sensitivity myy (kcal mol? [GdmCI]™Y) at pH 5.0, 5.3,
5.8, 6.0, 6.2, 6.3, 6.5, and 7.0. The GdmCI sensitiwiky;
is 5.1 + 0.40 kcal mot? [GAmCI]™ and insensitive to
changes in solution pH. Sinaeyy has been shown to be

independent of pH, the reported error is determined at the AGyj

95% confidence interval using a value of,y measured at
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FicUre 1: (A) Tryptophan fluorescence emissidiy.g) of native
IL-15 (O) and IL-15 unfolded in 3M GdmCI &) at pH between 5
and 7. (B) Average fluorescence wavelengthdags of native IL-
14 (O) and IL-13 unfolded in 3M GdmCI 4) at pH between 5
and 7.
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Ficure 2: (A) Tryptophan fluorescence emissioff) from
GdmcCl titrations of IL-P3 at pH between 5 and 7. (B) Parameters

AG® (—O—) andm-value my, (—®--) fit using egs 4a, 4b, and
5 for each GdmCl titration between pH 5 and 7.

10 decreases from 8.5 to 5.5 kcal/mol as pH is in-

creased from 5 to 7.

each of the eight pH conditions (8 independent measurements Fluorescence Measured Kinetios plot of the change in

of myy/7 degrees of freedom). The thermodynamic stability

fluorescence intensity as a function of time for a stopped-
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Ficure 3: Real-time kinetic fluorescence measurements during the
refolding of IL-15 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). (inset) Residuals of the kinetics

fit to two exponential processek; and4;. (B) Refolding from 2.2

to 0.2 M GdmCI at pH 5.0 by manual mixing. Under these
conditions, the displayed processis characterized by a decrease
in fluorescence with time. (C) Refolding from 2.2 to 1.0 M GdmClI
at pH 5.0 by manual mixing. Under these conditions, the displayed
processl, is characterized by an increase in fluorescence with time.

flow refolding jump of WT IL-13 from 2.2 to 0.2 M GdmCI

at pH 5.0 is given in Figure 3A. The fird 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 constamts(fast) andi, (slow). The observed
rate constant of fluorescence increagg, measures the
population of a highly fluorescent intermediate from the

unfolded state. The subsequent observed rate constant og

fluorescence decreasg, measures the population of the
native state from the intermediate. This model of |§-1
folding from fluorescence data is consistent with species
detected using pulse-labeling techniqu&sy). 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 GdmClI) and 3C (1.0 M GdmCI), the slower procéess
has either a negative (Figure 3B) or positive (Figure 3C)
fluorescence amplitude, depending upon the final GdmCI

concentration in the refolding jumps as described in previous 0 0 M GdmCI and multiplication o

Biochemistry, Vol. 41, No. 50, 20025059

Scheme 1
kuT, kI
U | " N
kT, kNTy

unfolding experiments by either manual mixing or stopped
flow techniques (data not shown). At high GdmCI concentra-
tions, the intermediate is not significantly populated and thus
observed rate constaaf measures the transition from the
native to the unfolded state. Furthermore, the rate ofithe
transition is significantly faster thati. In unfolding experi-
ments of IL-}3, the slower process; precedes the faster
processl, and would therefore “mask” th&, amplitude,
such that onlyl; would be effectively observed. However,

it should be noted that values of, under unfolding
conditions can be estimated from refolding measurements
in the transition region (142.0 M [GdmCI]).

Fluorescence-detected folding kinetics for 18-ivere
performed over a series of final GdAmCI and pH concentra-
tions. Previous experiments have shown that the gL-1
folding kinetics, in the absence of aggregation, can be
adequately characterized with a two exponential4jtZ6).
Taken together with hydrogerdeuterium exchange pulse
labeling studies), 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 @ T,), shown in Scheme 1.

In a kinetic model of Scheme 1, the measured values of
observed rate&, andA,, are determined using the following
relationships between the macroscopic rate constants for
refolding, kur, andkr,, and unfoldingkir, andkyr, (23, 24):

Ay =Kyr, + L 7
27 kUT2 kITl + kNTl kIT2 ( )
LT .
17 kUT2 + kIT2 T, kNT1 ( )

At low [GdmCI] (0.8 M), refolding rate constants are much

greater than unfolding rate constarkgr(> kir,; kt, > kyt),
nd the parameteis and/A; can be approximated with eqs
ab and 10ab:

Ay =Ky, (9a)
Ay =Ky, (10a)
__ L H0,_mm[GAmCI/RT
— kITzl gnm (10b)

H,O

In eq 9b k7, is the value of rate constakr, extrapolated

U7, by the term

work (4, 25). This observation is consistent with the changes €™ %™°IRT determines the rate constakijr, at a given
in equilibrium fluorescence measurements of the native state[GdMCI] concentration. In eq 105{:?10 is the value of
observed between 0.2 and 1.0 M GdmCI, respectively. kir, extrapolatedd 0 M GdmCI and multiplication okﬂzlo

Analysis of both WT and K971 unfolding fluorescence data by the term 8MnlGdmCIRT determines the rate constaat,

under all conditions fit best to one exponential process, the at a given [GdmCI] concentration.

observed rate constant consistent withThe faster observed Under refolding conditions£0.8 M GdmCl), a linear

rate processl,, is observed in refolding but not observed in  estimation model can be used to determine refolding free
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energy barriers from the observed ratesandA,, at varying

GdmCl concentrations using eqs 11ab and 12&h Z0):
Aoh
AG?FI'Z = —RTIn(@_) (lla) - ::‘~l\
= AGIL + my; [GdmCl] (11b) -
el
aop_ Aqh % ~
AG,T1 = —RTlIn @ (12a) g
H
y
= AG° + my [GdmCI] (12b) g oA 2B
At higher [GdmCI] &1.4 M), unfolding rate constants are \\l \L
much greater than refolding rate constamis, & kyr,; kney, T v /04 T -l
> kir,) and the parameters and 4, can be approximated ’
with egs 13ab and 14ab: 16
Ay =K (13a) 15 : : : :
2 0 1 2 3 4
= k:*TZZOemTZ[Gdmc']’RT (13b) GdmCl (M)
Ficure 4: Free energy barriers\GP, of the transition states
}“1= I<NT1 (14a) calculated from observed kinetic ﬁrocesség,and A1. Free
energy barrierAGP, determined fromi, by stopped-flow re-
= H-Zr?e”NTl[deCI]/RT (14b) folding, is shown >éiTt"pH 5.04) and 7.0 ¢). Free energy barrier

AGYP, determined fromk; by manual-mixing refolding, is shown
In eq 13b, F}ZZO is the value ofkr, extrapolated to 0 M at pH 5.0 ©) and 7.0 1). Free energy barrienG3, determined
GdmCl and multiplication ok*° by the term @rCdmCIRT from A; by manual-mixing unfolding, is shown at pH 5.@)
determines the rate constaat, at a given [GdmCI] concen- ~ and 7.0 W). Fits of the microscopic energy barriedGy at pH
tration. In eq 14bK2 is the value ok, extrapolated to 0 7 (Label 1A), AGE, at pH 5 (Label 1B)AG? at pH 7 (Label
M GdmCl and multiplication OkHZTO by the term Bur:(GamCIRT 2A), AG;”‘T";’ at pH 5 (Label ZB)AGf‘TpZp at pH 7 (Label 3A),AGf‘1PZp
determines the rate constaktr, at a given [GdmCI] ~ atPH5 (Label 3B)AGYY, at pH 7 (Label 4A), and\Gy, at pH
concentration. 5 (Label 4B).

Under unfolding conditions%1.4 M GdmCl), a linear  Ggmcl concentrations studied, using egs 11ab, 12ab, 15ab,

energy barriers from observed ratds,and 4,, using eqs Figure 4 shows the apparent transition state free energy
15ab and 16abl@, 20): barrier, AG3, between a populated folding species (X) and
h a neighboring transition state {T Barrier values oAGEP,
AGHP = —RTIn(L) (15a) calculated using eqs 11a/15a for theransition and 12a/16a
? ke for the; transition, are displayed in a typical “chevron plot”

— AG:'_:_ZO + my [GdmCI] (15b) over a range of GdmClI concentr_a@tions_. It is important to note
2 2 that, even though thd, transition is not observed in

.h unfolding experiments, refolding measurements ah the
AP = —RTIn(i) (16a) transition region (1.42.0 M [GdmCI]) can be used to
! KeT, estimateAG‘["szp via eq 15b. The energy barriers for folding
— AGHZTC; + mNTl[deCI] (16b) kinetics are shown at pH 5 and 7 to indicate the effect of

pH on AG values.

The use oksT/h as a preexponential factor in eqs 11a, 12a, '€ assumption of linear free energy barrier change
15a, and 16a is a subject of considerable debate as the valul/ith [GdmCI], shown in eqs 11b, 12b, 15b, “and 16b,;
of keT/h = 10712 is the preexponential factor for a single 'S conﬂrmeda in Figure 4 by the expected “chevron
bond vibration 27). Although it has often been used to Shape ofAGY observed between 0 dn4 M GdmCl.
estimate the free energy of folding barriers, other studies AGyY calculated fromZ, and 4, increase linearly be-
have used a lower value, such as a diffusion-limited tween 0 and 0.8 M GdmCl, confirming that eqs 11b and
preexponential factor 16°, based on the fact that protein 12b apply at GdmCl concentratioms=0.8 M. AGE calcu-
folding is clearly a more complex process than a single bond lated fromA, and 1, decrease linearly between 1.4 and 4.0
vibration 28). However, this study focuses on the change M GdmCl, confirming that eqs 15b and 16b apply at GdmClI
in the transition state free energy through the perturbation concentrations=1.4 M.

by GdmCI and pH, in which a free energy change is the Also shown in Figure 4 are fits of egs 11b, 12b, 15b, and
important value and the absolute free energy values are ofl6b to the apparent transition state free energy barriers at
lesser importance. In other words, as long as the preexpo-varying GdmCl concentrations. Fits 8iGy;° values to eqgs
nential term remains constant over the range of pH and 11b, 12b, 15b, and 16b are shown at pH 5 and 7 to show
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FiGure 5: (A) Fitted mvaluesmyr, (—Aa—), my, (—O—), mp, pH

(--a-), andmyr, (~-@--). (B) Fit.ted nLii:oroscopic free 3?5 rgy barriers FiIGURE 6: (A) IL-18 tryptophan emission amplitudég, of the,

extrapolated @ 0 M GAmCl: AGyT, (—a-), AGy (=O-), refolding process measured with stopped flow fluorescence at

AG[? (--a--), andAGR (--®@-). increasing GdmCI concentrations and at varying pH between 5 and
7. (B) Parameters\G;?° (—O—) and m-value my (-®--), fit

the effect of pH on IL-B folding kinetics. Refolding usingl, amplitudes in egs 4a, 4b, and 5 for each GdmCl titration

transition stateAAG;> and AG" are fit at GdmCI concen- between pH 5 and 7.

trations<0.8 M, where egs 11b and 12b are applicable. Un-

folding transition statedAGT? and AGY are fit at GdmCl

concentrations>1.4 M, where egs 15b and 16b are ap-

plicable.

Kinetic parametersAk> andm,, are fit from egs 11b,
12b'. 15b, and 16b betwee_n pH3 and are_shown |r_1_F|gure be independent of pH, the reported error is determined at
5. Figure 5A shows refolding and unfolding transition state the 95% fid int | usi lue AGHO
m-valuesmyr, are not altered by pH changes between 5 and eHZO o confidence interval using _a value T, or
7. For refolding,myr, = 2.6 + 0.32 kcal mot* [GdmCI]* AGNT1 measured at each of the eight pH conditions (8

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 = T, and N— T, transition barriers
are unaffected by pH changes in this range. Since unfold-
ing transition barriersAG[> and AG> are observed to

andmy, = 1.8+ 0.66 kcal mot* [GdmCI % For unfolding, ~ independent measurements A6’ or AG/7 degrees
mr, = 0.46 + 0.52 kcal mot! [GdmCI]* and myy, = of freedom).
0.45+ 0.44 kcal mot? [GdmCI] 2. Since all values ok, Amplitude AnalysisA global fit of IL-1/ kinetic ampli-

are observed to be independent of pH, the reported error istudes is not as informative as the change in sign of the
determined at the 95% confidence interval using a value of fluorescence signal for thd; refolding amplitude,A,
Mur,, M, Mi7,, andmr, measured at each of the eight pH between low and high GdmCI concentrations, as described
conditions (8 independent measurementsigf,, myr,, M, previously (Figure 3B,C)4). However, thel, amplitude,
andmyr,/7 degrees of freedom). It must be noted that values A, is positive at all GdMCI concentrations and can be used
of mrr, andmyr, for unfolding transitions are on the threshold  to estimate the thermodynamic stabiliyz2°> andm-value

of statistical significance since their overall values are quite my, for the kinetic intermediate 118). Figure 6A showsA,
similar to the 95% confidence error of repeated manual- between 0 ash 3 M GdmCl and pH 57. In Figure 6A, the
mixing kinetic measurements. Thus, while it is statistically GdmCI concentration of the transition midpoing @ shown
significant that the values afyr, and myr, are small €1 to shift to higher GAmCI concentrations as pH changes from
kcal mol? [deC|]7l), it cannot be determined with greater 7 to 5. Figure 6B shows the parametﬁgrgo and My
than 95% confidence that their values are not actually zero petween pH 57, fitted from eqgs 4a, 4b, and 5 using the

(i.e., they reject the null hypothesis). measured amplitudd, = Sbsevedin eq 4a. Parameteny
Figure 5B shows transition state energies extrapolated to= 3.1 + 0.88 kcal mot! [GdmCI]"2 and is largely unchanged
zero [GAmCI], AG%°, between pH 5 and 7AG(Y in- between pH 57. Since the value ofny is observed to

creases from 15.1 to 16.6 kcal/mol as pH is increased be independent of pH, the reported error is determined at
from 5 to 7, indicating that the refolding Y- T, transition the 95% confidence interval using a valuenaf, measured
barrier is affected by pH changeAGFTZlo increases from  at each of the eight pH conditions (8 independent measure-
18.3 to 20.3 kcal/mol as pH is increased from 5 to 7, ments ofmy/7 degrees of freedom). However, the parameter
indicating that the I— T, refolding transition barrier is  AG}?° does change with pHAG}?° decreases from 3.5

also affected by pH changeAGH° and AGE® remain  kcal/mol at pH 5 to 2.0 kcal/mol at pH 7. This trend of
2 1
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decreasing intermediate stabilit&Gﬁfo, is similar to the  to those of the native state parametex&; 2> and myy,
decreasing native state stabiliyGf?’, from pH 5-7. indicating similar structural properties between the interme-
diate and native state. This finding is consistent with a
DISCUSSION sequential IL-B folding mechanism and an on-pathway
Native IL-15 Undergoes Stability Changes between pH 5 intermediate ). However, at present, a full assessment of
and 7 It is evident from Figure 1A that the tryptophan 120 whether the kinetic parameters of whether this sequential
fluorescence emission is quenched as pH is increased fronthree-state kinetic model is in agreement with the thermo-
5 to 7. However, as shown qualitatively in Figure 1B, this dynamic parameters of the stable native state and the
pH change does not alter the average fluorescent wavelengtimetastable intermediate ensemble has yet to be done.
and therefore does not significantly alter the solvent acces- An initial test of any kinetic folding model is whether it
sibility of Trp120. The results of Figure 1A and 1B are can reproduce the native state thermodynamic parameters
consistent with an earlier biophysical study.(The second- determined from equilibrium stud|e$(3H2° and myy)
ary structure difference between li3-at pH 5.4 and 7 shows  (Figure 2A,B) using parameters measured from kinetic rates.
little difference, and the observed fluorescence emission Also, thermodynamic analysis of thie kinetic amplitude
change is proposed to result from local structural and/or A, has been used to measure the thermodynamic parameters
electrostatic changes near Trp1ZD)( of the intermediate specieAG2° andmy) (Figure 6A,B),
To determine whether the fluorescence changes in Figurewhich are also important values to compare with the
1A correlate with changes in thermodynamic stability, proposed kinetic model.
GdmCl titrations of IL-3 were performed at various solution To compare a proposed kinetic model with preexisting
pH values (Figure 2A). In Figure 2B, it is shown that thermodynamic data, parameters obtained from kinetic
thermodynamic stabilityAG?> decreases from 8.5 to 5.2 studies must be converted into thermodynamic values. For
kcal/mol as pH is increased from 5 to 7. Tirevalue myy a simple sequential mechanism, the thermodynamic value
is 5.1+ 0.4 and is not significantly affected between pH of any species along the folding pathway is obtained through
5—7. The values OAGH@O andmyy are in good agreement  direct summation of the kinetic transition state parameters,
with AG“@O and myy values measured in previous experi- GHzo and mr,, up to that species3g@). It is important
ments (, 30). Small deviations between the parameters to note that, for determination of free energies by this method,
reported in the present study and previously reported summation of the refolding free energy barrier heights is
experimental values may be due to different buffer conditions additive while the barrier heights of unfolding transitions
or fitting methods 81). are subtracted from the total. Thus, to accept the three-state
Them-value has been shown to correlate linearly with the sequential folding model in Scheme 1 as a valid model, a
amount of solvent accessible surface area difference betweemumber of comparisons must be made.
an unfolded polypeptide chain and native stat€ASA) in First, the sum of kinetien-values,m\™" = myr, + my,,
a number of proteinsrj. Thus, the absence of pH-dependent should be roughly equivalent to the equilibrium intermediate
changes in GdmCI sensitivitymwy (Figure 2A) and the  m-value, my (determined from kinetic amplitude analysis
average fluorescent wavelengterage(Figure 1B) suggest  in Figures 6AB)
that the amount of surface area buried by native fldbes
not change significantly between pH 5 and 7. my & mlk'”e“c_ myr. + My, (17)
Refolding IL-}B 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 ILALfolding (Figure 3). It is important to
note that the observed rate of the unfolding transitien U
can only be quantitated from refolding experiments in the
transition region (1.42.0 M GdmCl) and is not observed inetic _
in unfolding experiments (see Results). Thealues of the My ~ M) =My, + My, + My + Mgy (18)
folding transitions, % and T, remain unchanged between o
pH 5 and 7 (Figure 5A). In addition, refoldingrvalues,  Third, the sum of kinetiAG-values, AG|*" = AG[Z —
myr, and myr,, are significantly larger than unfoldingr AGf?, should be roughly equivalent to the equilibrium
values,mr, andmyr,. Figure 5B shows thaAG} values  intermediateAG-value, AG[5° (determined from kinetic
are changed by pH. These changes are most evident inamplitude analysis in Figures 6AB)
refolding parametersAGy3. and AG[°, and are not sig-
nificantly observed in the Unfolding parametaﬁﬁ”zzo and AGIP ~ AGKNe = AGE%O — AG:*TZO (19)
AGyy. Thus, the native state stabilithGys’ decrease
(F|gure 2B) corresponds with increases in the refolding, Last, the sum of kinetidG-values, Alenetlc _ AGB'ZI'O

not unfolding, transition state energy barneﬁﬁ”zo and AGHO 4 AGHZO AGH® should be roughly equwalent to

AGyy” (Figure 5B), as the pH is increased from 510 7. thelgqumbnum nat|ve§TG value, AG® (determined from
The Thermodynamlcs of II.,BlFoIded States Can Be equi”brium GdmCl titration in Flgures ZAB)

Accurately Described with a Sequential Th&tte Kinetic

Model.Figure 6A,B shows that the ILALkinetic intermediate

stability AG{?°, but notm-value my, decreases as pH is

shifted from 5 to 7. The trends in these parameters are similar (20)

Second, the sum of kinetim-values,mie" = myr, + myr,

+ mg, + myr, should be roughly equivalent to the
equilibrium nativem-value, myy (determined from equilib-
rium Gdmcl titration in Figures 2AB)

AGHzONAleneUC AGHZO AGH20+ AGHZO AGHZO
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Ficure 7: (A) Comparison of themvalues obtained by kinetic
and equilibrium methods. Comparison of timevalues for the IL-
15 intermediate | measured by kinetic methodsir*™ (--a--),
and equilibrium methodsny (—A—). Comparison of then-values
for the IL-15 native state N measured by kinetic methaut,F™
(--®@--), and equilibrium methodsyw (—O—). (B) Comparison
of the AG-values obtained by kinetic and equilibrium methods.
Comparison of théG-values for the IL-B intermediate | measured
by kinetic methods AGKT®™ (--a--), and equilibrium methods,
AGTL'}O (—4—). Comparison of then-values for the IL-B native
state N measured by kinetic methodﬂﬁﬁ'ﬁe"c (--®--), and
equilibrium methodsAG[Y (—O-).
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FiIGURE 8: Free energy profile of the ILALfolding reaction, plotting

the free energ\AG-values vanvalues of unfolded ensemble (U),

U = | transition state (3), intermediate (I), = N transition state
(T1), and native (N) folding species. Also shown for comparison is
the free energy profile of IL{2 at pH 5 () 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.

sequential IL-B folding in Scheme 1 between unfolded
ensemble U, U~ | transition state 7, intermediate |, =

N transition state T, 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 ulsfkgl’ as

Figure 7AB indicates that the agreement between kinetic the preexponential factor. The second assumption is that IL-

and equilibrium parameters shown in eqs-2D does indeed
exist in the pH range-57. Figure 7A shows that the kinetic
m-value calculations,m{®® = 3.1 + 1.3 kcal mot?
[GAMCI] and mi{'*"® = 5.4 + 1.3 kcal mot [GdmCI] ™,
are roughly equivalent to the equilibrium-value measure-
ments,my = 3.1+ 0.88 kcal mot?! [GAmCI]* andmyy =
5.2 + 0.40 kcal mot! [GAmCI], respectively, in the pH
range 5-7. Since both kinetic and equilibrium-values are

observed to be independent of pH, the reported error is

determined at the 95% confidence interval usingthealues

measured at each of the eight pH conditions (8 independen

mrvalue measurements/7 degrees of freedom).

Figure 7B shows that the kinetitG-value calculations,
AGK™" and AGKF™, are roughly equivalent to the equi-
librium AG-value measurements\G?° and AGL?, re-
spectively, in the pH range-5/. This observed agreement

between equilibrium measurements and kinetic measurement
of IL-1/ folding parameters provides strong evidence sup-
porting the three-state sequential mechanism proposed i
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, |

and N.
The mrvalues in Figure 5A and\G-values in Figure 5B
can be represented in a free energy diagram offlfelding

in accordance with the sequential mechanism of Scheme 1
(Figure 8). Shown in Figure 8 is the free energy profile of

155 folding occurs through a single pathway occupied by
discrete states U,qJ I, T,, 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 ensemble2{). 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 onAL-1

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 ene@y
kcal/mol) of each folding ensembtdJ, T, I, T;, and N.

he position on the-axis displays then-values (kcal/mol-
[GdmMCI]) of each of folding ensembtel, T,, I, T1, and N.

Mhe mvalue (-axis) of each species is measured by the

cumulative kineticmrvalues preceding the species in the
folding pathway. For example, the-value andAG-value

' of T, are determined by

AG; = AGET, — AGE + AGTY (21)
My = My, + My + My (22)
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In Figure 8, them-value of each species can be used to deter-

mine the similarity of each IL{2 folding species to the native

state, i.e., as the reaction coordinate (i.e., a variable which will

linearly quantitate the amount of “nativeness”). Thealue

is used as a reaction coordinate since it has been shown to

correlate linearly with the physical property &SASA
between the native and unfolded states in proteffs (

In Figure 8, free energy profiles at pH 5 and 7 illustrate
that pH alters the thermodynamic stabiliyG (y-axis) of

species on the pathway but does not significantly alter the

m-values k-axis). Thus, theASASA of IL-13 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 pH5(Figure 1B) and
secondary structurel(29).

Transition state Tand T, ASASAs Are Highly Similar to
the ASASAs of Macroscopic Folding Species | and N,
Respectiely. 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, theASASA 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 paramet@t is used to measure of the fraction
of native ASASA in the transition state3g, 34)

ITlfolding
n»lfolding + munfolding

The parametenyoging aNdMynioiding are the kinetian-values
for folding and unfolding, respectively. By definitiogY =

0 for the unfolded ensemble apd = 1 for the native state.
In the case of a three-state folding protein, such asAL-1
the measurement gf is complicated by multiple folding
species (transition states &nd T, intermediate I). For a
three-state folding proteiiV for states ¥, I, and T; would
be characterized through eqs-226:

Myr,

pY = (23)

ﬁ% - inetic (24)
U
Myr, + My
ﬁlu = 2kinetic : (25)
Mnu

Myr, + My, + My,

mhinetic
u

In egs 24-26, Y measures the fraction of nativeSASA
each species. In two-state proteifi§,is a straightforward

pr, = (26)

Finke and Jennings
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FIGURE 9: (A) BY values of IL-13 folding species: transition state
To, ﬁ‘T’z (--a--); intermediate Iﬂlu (--a--); and transition state T
ﬂ% (—0O-), relative to the native state. (B) values of transition
state T relative to the U—1 transition,ﬁ\T’2 (--a--), and transi-
tion state T relative to the =N transition,ﬂ% (=0-).

The | — N transition state, 1 is characterized with the
paramete;@¥1, calculated using eq 28:

v My,

(28)

Figure 9A shows the values g for IL-1/ folding species
T, |, and T, between pH 57. All values of 8, , and

ﬂ$1 do not change significantly between pH B, indicating

the ASASA of transition states and intermediates in the
IL-1 folding pathway do not change between pH% 37,

is 0.48+ 0.17, indicating that approximately 50% of the
native ASASA is buried in the early transition state. 'B,U

is 0.58+ 0.17, a value consistent with the percentage of
native signal from CD folding kinetics2g) and amide-
hydrogen exchange protectioB)( ﬂ% is 0.93 + 0.094,
indicating that 93% of nativdASASA is buried at the later
transition state T Since the values of;, A, and fi7,

are observed to be independent of pH, the reported error
is determined at the 95% confidence interval using the
values of i, ', and 7 measured at each of the eight
pH conditions (8 independent measurements3pf 3/,

measure of the transition state placement. Since two transi—andﬁu /7 degrees of freedom).

tions exist in three-state proteins, each transition state must FingJlre 9B shows the values @ for IL-1 transition

be normallzed between the reactan_t and product of ea,Chstates Tand T, between pH 57. As with 8 in Figure 9A,
folding step. To compare the transition state placement in the 8¥ parameters in Figure 9B do not change appreciably

three-state proteins, a paramef®ris calculated for both
folding transition states in a three-state protein. The-U
transition state, 7, is characterized with the parameﬁéﬂrz,
calculated using eq 27:

Myr,

By =——"—
T2 Myr, + My,

(27)

between pH 5 and 7ﬁlTJ2 is 0.89 + 0.15, indicating that
transition state Tis highly similar to the intermediate,fi¥1

is 0.76 £ 0.32, indicating that transition statg & highly
similar to the native state N. Since the valuesﬂ&é;‘ and

ﬁ¥1 are observed to be independent of pH, the reported
error is determined at the 95% confidence interval using
the values offy and { measured at each of the eight
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Table 1: Comparison of Three-State Folding Proteins with Respect to Various Par&meters

o T, I T1

three-state

protein (ref) pr, B, In kj B pr, B, In ki
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 @1) - - burst 0.69 0.77 0.25 31
Barnase42) - - burst 0.50 0.75 0.50 25
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-18 0.48+ 0.17 0.89+ 0.15 1.4 0.58+ 0.17 0.93+ 0.09 0.76+ 0.32 —4.0

aSince, for IL-18, parameterg" and Y are observed to be independent of pH, the reported errowinfor IL-13 is determined at the 95%
confidence interval using thervalues measured at each of the 8 pH conditions (8 indepemieaiue measurements/7 degrees of freedom).
Kinetic rates for IL-J5 are reported at pH 7.0. All parameters for other proteins are determined from the values in the listed reference.

pH conditions (8 independent measurementﬁTofandﬂT BV, and folding rates in two-state folding proteins. High
7 degrees of freedom). values of 5V have been shown to correlate with slower
ﬂT andﬂT for IL-1/3 can be compared to th# values of folding rates in model calculations and has been attributed
othef protems Table 1 shows a comparison of three-statet0 increased configurational entropy to the transition state
foldmg proteins with respect to the following parameters: free energy barrier at higher values @f (35). However,
o ﬁT , the position of the transition state i the U— N the apparent folding rate constakit;°, in two-state proteins

folding pathway, where U is the unfolded ensemble and Was found to be only loosely correlated witf and was
N is the native stateGT = 0 indicates that Thas the same been shown to be better correlated with the parameter of

2 contact order 36).
ASASA as U an 1 indicates that T has the same .
ASASA ag N. qGT indi S Thas S In this study, IL-33 has been shown to be a three-state

folding protein. Therefore, the most appropriate parameter
comparison is between ILgland other three-state folding
proteins (shown in Table 1). In all three-state proteins except
IL-17, the initial transition, U— | equilibrates within the

. ﬁT, the position of the transition state h the U— |
foldlng transition, where U is the unfolded ensemble and |
is the partially folded intermediate ensemtﬂé =0 |nd|—

cates that T has the sameA\SASA as U andﬁT = dead time of stopped flow mixing. In the case of ubiquitin,
indicates that Thas the samaSASA as |. submillisecond kinetics have been quantitated with fitting
In HZO the natural |Og of the rate constant determ|ned methods and can be used for Comparison to/ﬂ_,qjthough
for the foldmg reaction: the comparison of the b~ | reaction in three-state proteins
Hy consists of only these two proteins, there are notable differ-
kuT, ences between them. The fast folding ubiquitin Kl}§” =
u | 6.6) has a transition state,,Thighly similar to the’ un-

folded ensemble, U, as indicated by the paramﬁt’er—

« B/, the position of the intermediate | in the & N 0.0. The slow folding IL-B (In K2 = 1.4) has a transition
folding pathway, where U is the unfolded ensemble and state, B, highly similar to the |ntermed|ate [, as indicated
N is the native states] = 0 indicates that | has the same by the pafametEﬁT = 0.89. This observation suggests that
ASASA as U ands’ = 1 indicates that | has the same hlghﬁT values may result in slower &~ | folding in three-
ASASA as N. state protems

o ,BT , the position of the transition state ih the U— N All values ofﬁI for the intermediate | in the three-state
folding pathway, where U is the unfolded ensemble and Proteins suggest that the intermediate typically possesses
N is the native state;ﬁ’T = 0 indicates that Thas the same ~ 90—70% of native stateASASA, as does IL& (55%).

ASASA as U and8®. = 1 indicates that Thas the same Thus, the degree of folding in the folding intermediate is
ASASA as N. T consistent across this set of three-state proteins. To address

. ﬂTv the position of the final transition state; Tn the | — N transmon_state, 1, it is noteworthy that the
the I — N folding transition, where | is a partially folded -1/ parametery = 0.76, is the highest of all three-

intermediate populated in the folding of three-state pro- State proteins and the ratg}"°, is the slowest. Unlike the
teins. ﬂT = 0 indicates that Thas the samASASA as | poor correlation reported flor two-state protelrﬁﬁ)&g
andﬂT = 1 indicates that Thas the samASASA as N. good linear correlation is found betwegéﬁ and In kg
e n ﬁzo, the natural log of the rate constant deter- |nI three-state proteinsRf = IO .90). -f:hLllS tranfS||t|on state
mlned for'the folding reaction placement appears to correlate with slow-IN folding in
three-state proteins.
Comparison of IL-# to OtherS-Trefoil Proteins.Contact
| k|T2 N 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
in three-state proteins. order can elucidate the extent to which contact order defines
Previous work has examined possible correlation betweenfolding rates and pathways. If contact order entirely defined
transition state placement, characterized by the parameteprotein folding, all members of a structural family would
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Table 2: Folding Properties Measured for Egtfrefoil Proteir?

intermediates rates(4§° transition statés
protein (refs) kinetics early strands In KE2S In K& apY/apH M, /9[D] ¢
hisactophilin (3, 14) 1-2exp 4-8 5.8 1.1 0.0+ 0.0 myy, = 0.0473
aFGF (1) 2 exp 1,12 2.0 -3.8 ? My ~ 0
BFGF (12) 2 exp ? -2.3 -7.0 ? My, ~ 0
IL-18 (3—5) 2 exp 6-10 1.4 —4.0 Y 0.00+ 0.04 iy, = 0.0027+ 0.050
2

By, 0.04+0.07

aErrors listed are 95% confidence intervals based on measurements at all pH conbiflaremeters were measured from monitoring tryptophan
fluorescence as a probe. In the case of hisactophilin, ra@ﬁpis estimated from the most stable conditions (pD 7.£)Dwhere the intermediate
appears to be populated (two exponential kinetics). Listed valueslé'gﬁlrand In k';ﬁ)ow are not determined rigorously from global fitting but from
direct extrapolation of the fitted rate constardtM GdmCI and therefore may differ slightly from those reported in the referérearly strands
are determined from the earliest strands demonstrating significant hydrdgeterium exchange protectioghCoefficient My, reflects a linear
dependence of the denaturant sensitivity paranmatef on denaturant through the equatioqr, = Mer, + mh’,Tx[D].

fold at the similar rates with the same basic pathway 8ﬂ¥/8AGNu is observed, it has been attributed to shifting
mechanism. populations of different high-energy transition state con-
Although the folding of-trefoil proteins appear to share figurations across different stability condition87}. If
some properties in common, they are by no means com-93y/dAGyy is not observed, it has been attributed to an
pletely similar. Table 2 lists a number of folding properties ensemble of high energy transition state configurations which
measured for eacfi-trefoil protein. From Table 2, certain  dominate under all stability condition87%). Thus, low value
properties appear to be conserved among fheefoil of 9BY/1dAGyy is indicative of a “robust” ensemble of high-
proteins studied, although there are clear exceptions. Ex-energy transition state configurations.
perimental conditions can be found for each protein where One probe of the high-energy transition state robustness
folding kinetics, monitored by tryptophan fluorescence, are s 3ﬁ¥/3p|-|, a parameter reported for both Il31and
best fit with a biexponential function. The degree to which phisactophilin. In both proteins)Y/dpH is either zero or
a basic mechanism is conserved is unclear, since the numbegmal| enough to be statistically insignificant, indicating that
of exponentials required to fit the folding kinetics can change the transition state position does not move significantly when
depending on the experimental probe used and proteinthe stability is altered by pH shifts. This behavior has been
stability during the measurements1(-14). Nonetheless,  attributed to a landscape where a limited set of high-energy
discrete transient intermediates appear to consistently popUyransition state configurations occupy the transition state
late in the folding of S-trefoil proteins. However, the regardless of varying stability. It should be noted that
structural properties qf these transient mter.medlates als°8ﬂ¥/8pH only probes the high-energy transition state con-
appear to be inconsistent. For example, in -@nd o rations which are destabilized by pH shifts (i.e., elec-
hisactophilin, the intermediate demonstrates hydrogen eX-(.octatic interactions).
change protection in the central strands while, in aFGF, early ' another method used to examine the high-energy transition
hydrpg_en exchange protection is observed at the N and Cgiate robustness is quantifying curvaturg , in the slope
termini. of the unfolding kinetic parameter, ldgr,, versus denaturant
The relatively slow rate of folding observed for bdflf; ~ concentration [D] through eq 29:

andk5X) of IL-1p is also shared among the oth@trefoil ’ ,

proteins. Hisactophilin, at pH 7.8 inJD, is the exception o Tx Tx 12
as it is an order of magnitude faster than the ofhwrefoil log kyr, = log knsz *530R1P ~ 2 30RTD
proteins for bothk 2 andki, Regardless, hisactophilin is

still considered a slow folder compared to the three-state The subscript ¥ in the variableky; refers to the transi-
proteins described in Table 1. Thus, therefoil topology tion state immediately precedingxthe native state in the
does appear to result in slow folding in the proteins studied folding pathway of each protein, which is typically the
thus far. transition state probed in unfolding experiments. Although

The data in Table 1 indicates that high! values hisactophilin unfolding by urea clearly demonstrates curva-
correlate with slow folding rates in three-state proteins. Due ture gy = 0.0473), this curvature is not observed in

to the fact thap¥ values are not reported for the individual ~Otherf-trefoil proteins. IL-35 unfolding by GdmCl does not
steps U— | and | — N in the otherg-trefoil proteins, a  indicate significant curvature as evidenced by the parameter

M, = 0.0027+ 0.05. Although values ofry; are not
directly calculated for aFGF and bFGF, visual inspection of
aFGF/bFGF unfolding kinetics does not reveal significant

comparison offy within this structural family cannot be
made yet. A value 0,8¥ = 0.71 is reported for hisactophi-
lin assuming a two-state, not three-state, folding model and

. . v curvature.
IS the\r/efore not directly comparable to i3 parameterg, The comparisons betwegntrefoil proteins indicate three
andﬂTl' important findings. [1] The high-energy transition state

Despite this fact, the features of the transition state robustness of hisactophilin is lower for denaturant than pH,
ensemble can be probed by determiningBif changes  while IL-13 transition state appears to be robust during either
significantly at different stabilitieAGyu (aﬁ\T’/aAGNU). If perturbation. [2] The high-energy transition state robustness
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of hisactophilin may be lower than othgstrefoil proteins,
possibly accounting for its faster folding rate. [3] Although
similarities exist, the folding rate, early intermediate struc-
tures, and transition state robustnesg-tfefoil 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 familie88( 39) and
suggests that, while topology and contact order are important
determinants of protein folding, they are by no means the
only relevant factors.

Conclusionsinterleukin-33 is an all3-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-% result from changes in the folding,
not unfolding, free energy barriers. The GdmCI sensitivity
parameters, i.envalues, for all folding species measured
in the interleukin-p 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-
153 between pH 57 indicates that interleukinglis well
characterized with a sequential three-state mechanism

kor,  Kiry
U=—I=—N
kT, kT,

Unlike other three-state proteins studied to date, all kinetic
transitions of IL-}3 are directly measurable with stopped flow
methods. An important aspect of Il3¥olding is that the
ASASA of early transition state ensemblgig highly similar
to the ASASA of the intermediate ensemble I. Also, the
ASASA of the later transition state; Ts highly similar to
the ASASA of the native state N. Compared to other three-
state proteins, IL-2 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-15 are shared among othgitrefoil proteins. This
indicates that, irB-trefoil proteins, structural topology is a
dominant, but not absolute, predictor of folding behavior.
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