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Structural properties and folding of interleukin-1 receptor antagonist (IL-
1ra), a therapeutically important cytokine with a symmetric R-trefoil
topology, are characterized using optical spectroscopy, high-resolution
NMR, and size-exclusion chromatography. Spectral contributions of two
tryptophan residues, Trpl7 and Trp120, present in the wild-type protein,
have been determined from mutational analysis. Trpl7 dominates the
emission spectrum of IL-1ra, while Trp120 is quenched presumably by the
nearby cysteine residues in both folded and unfolded states. The same Trp17
gives rise to two characteristic negative peaks in the aromatic CD. Urea
denaturation of the wild-type protein is probed by measuring intrinsic and
extrinsic (binding of 1-anilinonaphthalene-8-sulfonic acid) fluorescence,
near- and far-UV CD, and 1D and 2D (*H-""N heteronuclear single quantum
coherence (HSQC)) NMR. Overall, the data suggest an essentially two-state
equilibrium denaturation mechanism with small, but detectable structural
changes within the pretransition region. The majority of the "H-"N HSQC
cross-peaks of the folded state show only a limited chemical shift change as a
function of the denaturant concentration. However, the amide cross-peak of
Leu31 demonstrates a significant urea dependence that can be fitted to a two-
state binding model with a dissociation constant of 0.95+0.04 M. This
interaction has at least a five times higher affinity than reported values for
nonspecific urea binding to denatured proteins and peptides, suggesting
that the structural context around Leu31 stabilizes the protein—urea inter-
action. A possible role of denaturant binding in inducing the pretransition
changes in IL-1ra is discussed. Urea unfolding of wild-type IL-1ra is
sufficiently slow to enable HPLC separation of folded and unfolded states.
Quantitative size-exclusion chromatography has provided a hydrodynamic
view of the kinetic denaturation process. Thermodynamic stability and
unfolding kinetics of IL-1ra resemble those of structurally and evolutionary
close IL-1pB, suggesting similarity of their free energy landscapes.
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Introduction

Since the discovery of proteins exhibiting a -
trefoil topology there has been substantial interest in
understanding their folding mechanism.'™" The
well-known interleukin-1p (IL-1p), fibroblast
growth factor (FGF), and hisactophilin have less
than 17% sequence identity, yet their folded struc-
tures are very similar."'*** In view of the critical role
that native topology plays in protein folding,**°
the p-trefoil family offers a unique model for gaining
insight into the interplay between long-range and
short-range interactions in the formation of the
native structure. Progress has been made in compu-
tational analysis of the various folding pathways
related to the experimentally observed conforma-
tional transitions in B-trefoil proteins.® There is
no doubt that characterization of other members of
this family, such as interleukin-1 receptor antagonist
(IL-1ra), will be beneficial for developing detailed
computational descriptions of protein free energy
landscapes and will promote understanding of the
factors determining the existence of different folding
pathways.

Insight into the relationship of protein structure,
stability, and folding is also required for optimizing
protein therapeutics toward higher potency, ease
of delivery, and uncompromised long-term storage.
IL-1ra is a therapeutically important cytokine and
naturally occurring modulator of inflammatory
and immune responses mediated by interleukin-la
(IL-1a) and TL-1p.%”2® Tt acts as a receptor-binding
antagonist that competes with IL-1a and IL-1p for
the Type I IL-1 receptor, but does not elicit IL-1-
associated responses. The amino acid sequence of
IL-1ra is 26% identical to that of IL-13* and its 3D
structure has been determined by X-ray crystal-
lography and NMR.**** The high-resolution crystal
structure of recombinant human IL-1ra is shown in
Figure 1 (PDB ID: 1ILR*?). Although the crystal form
of the protein is an asymmetric dimer, IL-1ra is
monomeric in solution, including the experimental
conditions of this study. It is composed of 153 amino
acid residues (including N-terminal methionine), is
predominantly p-sheet, and exhibits a pseudo-3-
fold symmetry characteristic of the B-trefoil fold." In
contrast to the single tryptophan containing IL-1p,
IL-1ra has two tryptophan residues, Trpl7 and
Trp120, and two extra cysteine residues (for a total
of four). Crystallographic data suggest that two
of the cysteine residues, Cys70 and Cys117, can
form a disulfide bond, while the other two residues,
Cys67 and Cys123, are well separated in the folded
structure.”

In our previous work, we characterized the
aggregation properties of IL-1ra at high protein con-
centrations (>100 mg/mL) and elevated temper-
atures.> Aggregation of IL-1ra can be induced by
nondenaturing temperatures (40-42 °C) and modu-
lated by salt and specific anions, such as citrate and
pyrophosphate. However, little was known about
the conformational transitions and stability of IL-1ra
at relatively low protein concentrations and ambient

Figure 1. The asymmetric crystal unit of IL-1ra
contains two independent protein molecules, molecule 1
and molecule 2 (PDB ID: 1ILR*). Presented here is a
ribbon diagram of molecule 1. The secondary structural
elements in the protein include 12 B-strands arranged into
a p-trefoil architecture, short 3, helices, and no a-helices.
Color coding is as follows: yellow, p-strands; red, 3¢
helices; green, p-turns; cyan, loops. The two distant tryp-
tophan residues, Trp17 and Trp120, are explicitly shown.
The N and C termini are indicated.

temperature. Here we attempted to gain an in-
sight into the structural properties and folding of
IL-1ra using urea as a denaturant. To this end, we
have performed detailed characterization of equi-
librium denaturation of the wild-type protein by
optical spectroscopy and high-resolution NMR,
as well as employed quantitative size-exclusion
HPLC to study its unfolding kinetics. Further un-
derstanding of IL-1ra structural and optical prop-
erties has been gained by analyzing its single
tryptophan variants, W17A and W120F. In the case
of protein fluorescence and CD, the individual
spectral contributions of the two tryptophan resi-
dues are very different. In addition, '"H-'N HSQC
chemical peak shift analysis has revealed the exis-
tence of a relatively strong and specific protein—
urea interaction in a well-defined cavity on the
surface of IL-1ra.

Results

Fluorescence and CD spectra of wild-type (WT)
IL-1ra and its single tryptophan variants

Wild-type IL-1ra contains two tryptophan resi-
dues, Trp17 and Trp120, which are distant from each
other within the protein molecule (C*~C* distance
~19 A). Because their individual spectral properties
were unknown, we constructed two single trypto-
phan variants, W17A and W120F, as described
under Materials and Methods. The W120F substitu-
tion was expected to be tolerated by the protein
structure because it is equivalent to the previously
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studied mutant of structurally similar IL-13.%> Trp17
of IL-1ra was implicated in forming cation-m in-
teractions stabilizing its crystal dimer’****” and
the W17A substitution was chosen to eliminate
aromaticity and hydrophobicity at this position.
Emission spectra of the folded and urea unfolded
states of the IL-1ra variants are shown in Figure 2(a).
The signal intensities correspond to normalized
values relative to equimolar N-acetyl-L-tryptopha-
namide (NATA) measured under identical condi-
tions (gray dash-dot spectrum). In the absence of
urea, the spectrum of the wild-type protein is very
intense and red-shifted, with a maximum around
345 nm (black solid spectrum) characteristic of
tryptophan residues in a polar environment.*® The
emission spectrum of urea-denatured protein has
about 50% of the native state intensity and a
maximum closer to 350 nm (black dashed spec-
trum). In addition, its spectrum shows a weak
tyrosine emission around 300 nm, which is absent in
the case of the folded protein. Replacement of Trp17
by an alanine results in about a 90% decrease in
tryptophan fluorescence (red solid spectrum). In the
folded state, W17A shows no defined tryptophan
fluorescence maximum and its emission is domi-
nated by the tyrosine band. Denaturation of W17A
results in a small increase in tryptophan fluores-
cence with a maximum around 350 nm and a
concomitant drop in tyrosine emission (red dashed
spectrum). In contrast, folded W120F shows no
tyrosine emission and its tryptophan fluorescence is
lower than that of the wild-type protein by only 20%
(blue solid spectrum). Similar to the wild-type
protein, tryptophan fluorescence of denatured
WI120F is decreased by ~60% with only a small
red shift (blue dashed spectrum) and at the same
time its tyrosine fluorescence is increased.

Based on comparison of W120F with equimolar
NATA, Trp17 is hyperfluorescent in the native state.
To test whether this can be explained by a resonance
energy transfer from tyrosine residues to Trpl7, an
experiment was performed with the excitation
wavelength set to 300 nm. Trp17 shows hyperfluor-
escence irrespective of tyrosine excitation (data not
shown).

Figure 2(b) shows near-UV CD spectra of the
folded and unfolded states of the IL-1ra variants. In
the absence of urea, the wild-type spectrum in the
aromatic region (260-300 nm) has two pronounced
negative peaks at 276 and 283 nm (black solid
spectrum). Denaturation of IL-1ra in 6.5 M urea
results in a loss of these peaks due to transition to a
disordered conformation (black dashed spectrum).
In contrast, the CD spectrum of folded W17A is
devoid of the negative peaks (red solid spectrum),
but distinct from the denatured state (red dashed
spectrum) because it shows more positive ellipticity
and has some residual fine structure. Quite the
opposite, the spectrum of folded W120F is more
intense and negative (blue solid spectrum) com-
pared to that of wild-type IL-lra. Beside the
intensity difference, there is qualitative spectral
correspondence between the W120F and wild-type
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Figure 2. Spectra of the folded and unfolded (in 6.5 M
urea) states of wild-type IL-1ra and its single tryptophan
variants as measured by (a) fluorescence, (b) near-UV CD,
and (c) far-UV CD. Solid and dashed black lines correspond
to the folded and unfolded states of the wild-type protein,
respectively. Solid and dashed red lines correspond to the
folded and unfolded states of W17A, respectively. Solid
and dashed blue lines correspond to the folded and
unfolded states of W120F, respectively. The gray dash-
dot spectrum in (a) corresponds to equimolar NATA
measured under identical conditions. The green spectrum
in (b) corresponds to the sum of the near-UV CD spectra of
W17A and WI120F (see text). Spectra of blank buffer
solutions measured under matching conditions were used
for background subtraction. The measurements were
performed at 25 °C in 50 mM sodium phosphate, 5 mM
DTT, 5 mM HA-HCI, pH 7.0. “N” and “U” in the protein
names denote native and unfolded states, respectively.
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spectra. And, as expected for unfolded conforma-
tions, there is no significant difference between the
proteins in 6.5 M urea.

Figure 2(c) shows far-UV CD spectra of the folded
and unfolded states of the IL-1ra variants. Spectral
properties of wild-type IL-1ra are similar to that of
other p-trefoil proteins, such as acidic FGF and IL-
1p.'%7°7% Denaturation of the protein is manifested
by a pronounced spectral change around 230 nm
and is seen as an increase in negative ellipticity from
a near-zero value characteristic to the folded state
(black solid spectrum). CD signal below 215 nm is
also structurally informative, but is more difficult to
use due to intrinsically small ellipticity changes and
high background absorbance (data not shown). In
the absence of urea, W17A (red solid spectrum) has
spectral properties between those of wild-type
folded and unfolded states, while its unfolded
state spectrum (red dashed) is similar to that of the
wild-type protein. In contrast, folded W120F has
near wild-type spectral characteristics with some-
what more positive ellipticity (blue solid spectrum).
Unfolding of WI120F is seen as an increase in
negative ellipticity (blue dashed spectrum) in accor-
dance with the data for the wild-type protein and
WI17A.

Thermal denaturation of WT IL-1ra and its single
tryptophan variants

To probe stability of the IL-lra variants, their
temperature denaturation profiles were recorded for
the temperature range of 5-85 °C. Previously we
showed that the wild-type protein can be reversibly
heat denatured at low concentrations in the presence
of salt.** Figure 3 illustrates thermal denaturation of
the proteins monitored in the far-UV CD region at
230 nm. The ellipticity changes were measured for
5 uM protein solutions in 45 mM sodium phosphate
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Figure 3. Temperature denaturation of the wild-type
IL-1ra and its single tryptophan variants as measured by
far-UV CD at 230 nm. Sample composition was as follows:
5 uM IL-1ra in 45 mM sodium phosphate (pH 7.0), 10%
D,0, 0.5 M NaCl. Open symbols correspond to the wild-
type IL-1ra, red symbols correspond to W17A, and blue
symbols correspond to W120F.

(pH 7.0) with 10% D,O and 0.5 M NaCl (see
Materials and Methods). In agreement with the
spectral changes observed upon urea unfolding (see
above), thermal denaturation of IL-lra is mani-
fested by an increase in negative ellipticity. There is
a correspondence between native ellipticity values
for the urea and thermal denaturation studies,
while at high temperatures they seem to become
more negative for heat-denatured proteins com-
pared to the urea unfolded states (cf. Figures 2(c),
5(d), and 3). All variants show essentially linear
temperature dependence up to 45 °C, followed by a
sharp signal change between 55 and 70 °C. Above
70 °C all proteins are denatured and their ellipticity
changes linearly with temperature. Based on the
data, the proteins exhibit T}, values of ~63, ~62, and
~60 °C for the wild-type protein, W17A, and W120F,
respectively.

Kinetic unfolding of WT IL-1ra characterized by
CD and size-exclusion HPLC

In order to characterize the kinetic unfolding
process of WT IL-1ra, native protein was manually
mixed with a denaturing buffer to achieve an
increase in urea concentration from 0 to 6.5 M. The
kinetic process was followed overnight either at 230
or 283 nm at 25 °C to monitor changes in the
backbone conformation and the tertiary structure.
Fitting of a single-exponential equation to the data
yielded rate constants of 7.08+0.03x107° s and
7.56+0.04x107° s}, for the far- and near-UV CD,
respectively (data not shown). In order to further
characterize this slow unfolding reaction, we
employed size-exclusion chromatography to sepa-
rate and quantify compact and expanded conforma-
tions as a function of time. A typical size-exclusion
HPLC run takes approximately 10 min (see Materi-
als and Methods) and since its duration is about 20
times shorter than the interconversion time for CD-
detected IL-1ra unfolding, a complete separation of
folded and unfolded conformations can be achieved
as illustrated in Figure 4. Snapshots of the kinetic
process were obtained via multiple injections from a
sample solution equilibrated at 25 °C. The first
injection was made immediately after the protein
was manually mixed with urea, and the correspond-
ing chromatogram shows a single folded peak with
a retention time of ~10.2 min. Protein unfolding is
seen as a decrease in the area under the folded peak
and a concomitant growth of the unfolded peak at
~8.4 min. The peaks are well separated, which
facilitates their integration and quantitative analysis.
Fitting of a single-exponential equation to the folded
peak area as a function of time yielded a rate con-
stant of 7.0+0.1x10° s™! (data not shown), which is
close to the rate constants obtained from the CD
measurements, confirming that all these techniques
monitor global unfolding of the protein. Based on
the kinetic results, equilibrium samples were pre-
incubated overnight at the experimental tempera-
ture (25 °C) to achieve complete conformational
equilibration prior to measurements.
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Figure 4. Size-exclusion HPLC profiles illustrating
urea-induced unfolding process of WT IL-1ra at 25 °C.
Experimental conditions: 50 mM sodium phosphate (pH
7.0), 5 mM DTT, 5 mM HA-HCI, 6.5 M urea.

Equilibrium unfolding of WT IL-1ra characterized
by fluorescence and CD

Figure 5(a) shows equilibrium urea denaturation
of WT IL-1ra measured at 303 and 350 nm using a T-
format fluorimeter (see Materials and Methods).
This approach allows simultaneous monitoring of
changes in tyrosine and tryptophan fluorescence. In
agreement with the data in Figure 2(a), unfolding of
the protein results in ~50% decrease in the intensity
of tryptophan emission (closed symbols) and an
increase in tyrosine emission (open symbols). Both
regions yield apparently two-state denaturation
curves with an unfolding transition between 4 and
6 M urea. In both cases, unfolded state baselines
are linear, but there is some small and reproducible
nonlinearity of folded state baselines at low urea
concentrations. Because the significance of this
nonlinearity is unknown, the curves have been
analyzed by fitting of a simple two-state model to
the data, assuming linear baselines for both folded
and unfolded states (solid lines). The resulting
equilibrium parameters are listed in Table 1. Based
on the analysis, the conformational stability of WT
IL-1ra is estimated as 9.8+0.6 and 8.9+0.6 kcal/mol
for the tryptophan and tyrosine data, respectively.

Figure 5(b) illustrates equilibrium denaturation of
WT IL-1ra monitored by l-anilinonaphthalene-8-
sulfonic acid (ANS) fluorescence. In this experiment,
concentrations of ANS and IL-1ra as low as 5 uM
were used to decrease background fluorescence of
unbound ANS and to minimize any interference of
the dye with the unfolding equilibrium. The data
have a complex profile with steep baseline regions.

Figure 5. Equilibrium urea denaturation curves mea-
sured by (a) tryptophan (closed circles) and tyrosine
fluorescence (open circles), (b) ANS fluorescence, (c) near-
UV CD and (d) far-UV CD. Experimental conditions:
45 mM sodium phosphate (pH 7.0), 10% D,0O, 5 mM DTT,
5 mM HA-HC], 25 °C. The lines represent the best fits of a
two-state model to the corresponding data.

In the absence of urea, mixing the dye with the
protein results in weak, but detectable ANS fluor-
escence. The unfolding transition region is seen as a
signal decrease between 4.5 and 6 M urea due to
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Table 1. Thermodynamic parameters by fitting of a two-
state model to the urea-induced unfolding transition of
WT IL-1ra monitored by near- and far-UV CD and
fluorescence

m AG
Optical method Cm (M) (kcal mol * M) (kcal mol ™)
Trp fluorescence  5.27+0.02 1.86+0.11 9.8+0.6
Tyr fluorescence  5.09+0.03 1.75+0.11 8.9+0.6
Near-UV CD 5.22+0.01 1.86+0.05 9.7+0.3
Far-UV CD 5.19+0.01 1.77+0.03 9.2+0.2

Note. Measured at 25 °C in 45 mM sodium phosphate buffer (pH
7.0), containing 10% D,O, 5 mM DTT, and 5 mM HA-HCL

ANS dissociation as the protein structure unfolds.
Above the transition region the signal increase is
explained by urea dependence of ANS fluorescence.
Overall, there is no significant ANS emission at any
urea concentration. Interestingly, the initial drop in
the intensity between 0 and 3 M urea is followed by
a plateau at 3-4.5 M urea, prior to the unfolding
transition region (see Discussion). Due to the
complex character of the data and inherent ambi-
guity in the interpretation of ANS emission changes,
no curve fitting has been attempted.

Figure 5(c) shows equilibrium denaturation of WT
IL-1ra monitored by CD at 283 nm, which corre-
sponds to one of the two negative peaks (see Figure
2(b)). To minimize the impact of baseline fluctua-
tions, 310-nm readings were subtracted from the
signal at 283 nm for every urea concentration. The
resulting unfolding curve is perfectly sigmoid with
nearly horizontal native and unfolded baselines.
In agreement with Figure 2(b), there is a decrease
in negative ellipticity as the protein unfolds. The
data have been fitted based on the two-state model
(solid line) and the conformational stability is
estimated as 9.7+0.3 kcal/mol (Table 1).

Figure 5(d) shows equilibrium denaturation of
WT IL-1ra monitored by CD at 230 nm. In agree-
ment with Figure 2(c), protein unfolding leads to
an increase in negative ellipticity: the data show a
near-zero ellipticity of the folded state and ~1200
degxcm?xdmol " for the unfolded state. The data
have well-defined, essentially linear folded and
unfolded baselines and can be fitted based on the
two-state model (solid line) that yields an estimate
of 9.2+0.2 kcal/mol for the conformational stability
of the protein (Table 1).

Equilibrium unfolding of WT IL-1ra characterized
by '"H-NMR

The effect of increasing urea concentrations on IL-
Ira structure has also been probed by 'H-NMR.
Fifteen spectra were acquired in the presence of up
to 6 M urea, with 0.5 M urea increments. Figure 6
shows examples of the upfield region of the
spectrum, primarily containing resonances from
the methyl groups in the vicinity of aromatic resi-
dues. The methyl resonances characteristic to the
native conformation are present and have constant
intensities up to 4 M urea. Protein unfolding is evi-

dent from the disappearance of the resonances
between 0.5 and —0.6 ppm as the urea concentration
is increased above 4 M, indicating a loss of native
packing interactions. The data show that IL-1ra
maintains its folded conformation throughout the
pretransition region between 0 and 4 M urea.
However, there are some changes among the methyl
resonances, for instance, at —0.2 ppm, indicating
perturbation of the protein structure in response to
the increase in urea. These changes are essentially
complete by 2 M urea and there seem to be no
substantial structural perturbations until the unfold-
ing transition region.

Equilibrium unfolding of WT IL-1ra characterized
by 'H-">N HSQC NMR

To obtain residue-specific information on the
equilibrium denaturation mechanism of WT IL-
1ra, a series of '"H-'"N HSQC NMR spectra was
recorded in the presence of up to 6 M urea, in ap-
proximately 0.5 M urea increments. Figure 7 shows
the spectra measured in the presence of 0, 2.5, 4.4,
and 5.2 M urea for uniformly *H-">C~"°N-labeled
wild-type IL-1ra (see details of protein preparation
under Materials and Methods). At 0 M urea, the
protein spectrum (Figure 7, top left) shows a set of
well-dispersed peaks of the folded state. Previously
reported peak assignments by Stockman et al.#°
were confirmed under the experimental conditions
(see Materials and Methods). In agreement with
published results, the cross-peaks for the first 10
N-terminal residues have not been observed. The
first 7 to 8 N-terminal residues of IL-1ra are also
missing from the known crystal structures of the
protein.” ™ Earlier we showed that the first 7 N-
terminal residues of recombinant human IL-1ra can
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Figure 6. A stacked plot of the upfield region of 1D
"H-NMR spectra for unlabeled wild-type IL-1ra measured
in the presence of different molar concentrations of urea
(indicated to the right). Experimental conditions: 45 mM
sodium phosphate (pH 7.0), 10% D,O, 5 mM DTT, 5 mM
HA-HCI, 25 °C.
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be selectively cleaved by Lys-C protease,® which,
together with the structural data, suggests solvent
exposure and flexibility of this part of the molecule.
The correlation map of IL-1ra undergoes only minor
changes as the urea concentration increases from
0 to 2.5-3.0 M (cf. Figure 7, top). Further increase
in urea results in the appearance of a different set
of peaks originating from the denatured state.
Although residue-specific assignments for unfolded
IL-1ra are not available, spectral properties of the
protein in 5.2 M urea (Figure 7, bottom right) are
characteristic of a disordered, largely unfolded
conformation. The spectrum at 4.4 M urea (Figure
7, bottom left) shows peaks originating from both
folded and unfolded states in a slow conformational
exchange on the NMR chemical shift timescale.
In general, there are no significant chemical shift
changes for the majority of the folded state reso-
nances, except for the amide cross-peak of Leu3l
that shows a pronounced urea dependence. An
overlay of expanded HSQC spectra illustrating the
urea-dependent shift of Leu31 is shown in Figure
8(a). In Figure 8(b) its 'H chemical shift values
obtained in two independent experiments are
combined and plotted as a function of the dena-
turant concentration. Since no line broadening
is evident for this peak upon urea addition, the
exchange between urea-bound and unbound states
is fast on the chemical shift timescale. Therefore, the
shift in the peak position relative to the 0 M urea
spectrum is directly proportional to the fraction of
the bound state, assuming 1:1 specific binding of a

the presence of increasing molar
concentrations of urea, as indicated.

single urea molecule to the protein. We have used
the data for Leu31 to estimate the fraction of bound
IL-1ra as a function of urea concentration, as well as
the dissociation constant (Kg4) for urea binding (see
Materials and Methods). The fraction of bound pro-
tein plotted as a function of urea concentration and
the best-fit hyperbolic curve are shown in Figure
8(c). The K4 value for the urea interaction with the
amide of Leu31 is estimated as 0.95+0.04 M.

Discussion

Optical properties of Trp17 and Trp120:
Implications to IL-1ra folding studies

To characterize spectral properties of individual
tryptophan residues, two single tryptophan variants
of IL-1ra were constructed, W17A and W120F. Both
variants expressed well and showed thermal stabi-
lity only slightly lower than that of the wild-type
protein. However, their fluorescence and CD char-
acteristics were different.

Emission of Trp120 is quenched as evidenced by the
weak residual fluorescence of W17A compared to the
wild-type protein (Figure 2(a)). Because cysteine
residues are efficient quenchers of tryptophan
fluorescence,”®*! the low emission of Trp120 can be
explained by the presence of two cysteines, Cys117
and Cysl123, within the same chain segment. Con-
sistent with this, emission of W17A is quenched in
both folded and unfolded states. A potential disulfide
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Figure 8. ga) An overlay of expanded HSQC spectra
of uniformly *H-"C~"°N-labeled WT IL-1ra for various
urea concentrations. The shifting Leu31 amide cross-
peak and the corresponding molar denaturant concen-
trations are indicated. (b) Urea-induced chemical shift
changes for the Leu31 amide cross-peak in the 'H
dimension. Open and red symbols correspond to the
data obtained in two independent experiments. The line
represents the best fit of a 1:1 binding model to the
combined data. (c) Fraction of urea-bound IL-lra as a
function of urea concentration.

link, Cys70-Cys117,%* can also play a role in quench-
ing Trp120, but this is unlikely because the experi-
ments were performed in the presence of 5 mM DTT.
However, an additional quenching interaction with
Cys70 in the folded state cannot be dismissed and
may explain the observed increase in W17A fluores-
cence upon unfolding. In contrast, Trp17 is a hyper-
fluorescent tryptophan residue, as seen from the
comparison between folded W120F and equimolar
NATA. The magnitude of the intensity drop upon
denaturation and the overall intensity for W120F are

close to those observed for WT IL-1ra, indicating that
Trp17 is the dominant fluorescent tryptophan residue
in the protein. The small decrease in the intensity of
W120F compared to the wild-type protein can be
explained by the removal of Trpl120. Beside this,
contribution of Trp120 to the emission spectrum of the
protein is hardly noticeable and, therefore, fluores-
cence measurements of WT IL-lra denaturation
would mainly report structural perturbations in the
vicinity of Trp17.

Analysis of near-UV CD characteristics of the
mutant proteins shows that Trp17 and Trp120 differ
in their contribution to the wild-type spectrum. The
spectrum of W120F is qualitatively similar to, but
twice as large as, that of WT IL-Ira. In contrast,
the spectrum of W17A exhibits positive ellipticity
throughout the aromatic range and is closer to the
denatured spectra. Thus, the same Trpl7 makes
a dominant contribution to the aromatic CD spec-
trum. In the absence of mutation-induced structural
changes one can expect additive spectral contribu-
tions, so that a sum of CD spectra of single tryp-
tophan Varlants resembles that of the wild-type
protein.*> The green line in Figure 2(b) corresponds
to the sum of the spectra of W17A and W120F. It can
be seen that in general there is good agreement
between the calculated and the wild-type spectra.
Due to the high sensitivity of near-UV CD to
structural changes, this technique is often used as a
fingerprint of a native conformation. Therefore, this
result, together with the thermal denaturation data,
serves as evidence of a correctly folded conformation
of W17A and W120F.

Far-UV CD analysis of the proteins also shows
differences in their spectral properties (see Figure
2(c)). W120F and WT IL-1ra have qualitatively
similar characteristics, while W17A is different.
The folded state of the latter has a spectrum roughly
intermediate between those of the folded and
unfolded states of the wild-type protein. Trypto-
phan residues can make a significant contribution to
the CD spectra of R-sheet proteins even at shorter
wavelengths.*” Because Trpl7 and Trp120 have
distinct near-UV CD characteristics, they may also
contribute differently in the far-UV region. Along
this line of reasoning, the dominance of Trp17 in the
aromatic CD can explain the far-UV spectral
similarity of WT and W120F, where Trp17 is present.
And, therefore, CD measurements at 230 nm are
expected to probe changes in both secondary and
tertiary structures of the protein.

The tryptophan mutations result in only a small
overall protein destabilization (see Figure 3) and the
W120F substitution may be more destabilizing than
W17A, even though the latter represents a dramatic
reduction in side-chain volume. Based on the near-
UV CD and thermal denaturation data, we argue
that the single tryptophan variants of IL-lra are
suitable for characterizing individual tryptophan
spectral contributions. However, because the avail-
able data do not provide explicit structural informa-
tion, more studies are required to further elucidate
effects of the mutations.
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Mechanism of urea-induced unfolding of IL-1ra

Urea unfolding of IL-1ra is an intrinsically slow
process, which resembles that of the structurally
close TL-18.” CD and size-exclusion HPLC experi-
ments showed that kinetic unfolding of IL-1ra can be
described as a single-exponential process with the
rate constant on the order of 7.0x107° s™! in 6.5 M
urea at 25 °C. The close correspondence between the
rate constants obtained from the near-UV CD and
hydrodynamic measurements suggests that disrup-
tion of the structure around Trpl7 and the global
unfolding of the protein happen essentially simulta-
neously. Based on the HPLC data, the folded state of
IL-1ra has a constant retention time throughout the
course of the unfolding process. This serves as direct
evidence that, even after many hours of denatura-
tion, a fraction of molecules exhibiting a native-like
compactness can be observed. No accumulation of
expanded conformations is detected within the first
10 min of the reaction. The unfolded peak shows
an exponential growth at the expense of the folded
peak and also has a constant retention time.
Although HPLC would not resolve any transient
conformations rapidly exchanging with the folded
and unfolded states, the data show that the
remarkably slow unfolding of IL-1ra is a cooperative
process characterized by a loss of protein compact-
ness. This finding seems to contradict real-time
NMR data for IL-1p, which suggested a noncoo-
perative unfolding process for the latter.” Beside the
fact that IL-1ra and IL-1p are two different proteins,
the apparent contradiction may be explained by
limitations of the techniques, with NMR and size-
exclusion HPLC providing different levels of struc-
tural information. It is possible that small structural
changes that may precede global unfolding of the
proteins do not result in significant changes in the
overall compactness and therefore remain unde-
tected by HPLC (time-resolved NMR analysis of
IL-1ra denaturation will be presented elsewhere).

The main result of the equilibrium multipara-
metric analysis, which included far- and near-UV
CD, as well as tryptophan and tyrosine fluores-
cence, is illustrated in Figure 9. The unfolding data
were analyzed based on the two-state model, and
the denaturation curves were subsequently normal-
ized using the fitted baseline values. There is
agreement between unfolding transitions measured
by different optical techniques, consistent with the
two-state mechanism of protein denaturation (Table
1).** However, the mutant analysis shows that
optical measurements of IL-1ra are strongly affected
by spectral changes due to Trpl7. For example,
there is close similarity between the equilibrium
parameters from the aromatic CD and tryptophan
fluorescence data, which is not surprising because
these two techniques predominantly probe struc-
tural changes around Trpl7 (see above). Roughly
half of the wild-type far-UV CD signal at 230 nm is
contributed by Trp17 (see Figure 2(c)). It is also likely
that tyrosine emission of native IL-1ra is quenched
due to resonance energy transfer to Trpl7, as sug-
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Figure 9. Normalized equilibrium urea denaturation
curves measured by tyrosine fluorescence (green trian-
gles), tryptophan fluorescence (red squares), far-UV CD
(open circles), and near-UV CD (blue circles).

gested by the proximity of the tyrosine residues to
the tryptophan in the crystal structure. Therefore,
partial unfolding events in some other parts of
the protein molecule may remain undetected. In-
deed, the tyrosine data exhibit a marked deviation
from linearity at low urea concentrations, suggest-
ing some changes in the molecule in the presence
of nondenaturing levels of urea (Figure 9, green
triangles).

In order to further characterize IL-1ra denatura-
tion we employed ANS binding and NMR. Overall,
there is no substantial ANS fluorescence at any urea
concentration, including the pretransition region,
which argues against the accumulation of molten
globule-like states.'”*’ Interestingly, the decrease in
ANS signal at 0-3 M urea is followed by a plateau
that precedes the unfolding transition region (see
Figure 5(b)). Binding of the hydrophobic dye to the
folded protein may decrease with the increase in
denaturant concentration due to nonspecific effects,
such as changes in bulk solvent properties, irrespec-
tive of conformational changes. This could explain
the initial drop in signal intensity, but then the
existence of the plateau at 34.5 M urea would
suggest conformational changes that increase affi-
nity of ANS to the protein. On the other hand, the
complex shape of the pretransition region may also
result from site-specific displacement of ANS
molecules from urea-binding pockets on the surface
of the protein. To further characterize this phenom-
enon we studied IL-1ra denaturation by 'H-NMR.
Close inspection of the aliphatic, aromatic, and
upfield regions of the spectra reveals some struc-
tural changes when urea concentration is increased
from 0 to 2 M. For instance, small changes can be
seen at —0.2 ppm, indicating perturbation of the
protein structure (Figure 6). At the same time, the
upfield region exhibits intense resonances up to 4 M
urea, suggesting no unfolding in agreement with
the optical data. Further increase in urea leads to
the disappearance of resonances between 0.5 and
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—0.6 ppm, consistent with the loss of native packing
interactions. It is yet to be seen whether the ANS
and 'H-NMR data report the same changes within
the pretransition region and whether these changes
can be attributed to specific denaturant effects. The
possibility of the latter, however, seems to be
supported by 2D NMR. With the exception of the
amide cross-peak of Leu3l, the majority of the
folded peaks undergo only small chemical shift
changes between 0 and 44 M urea (Figure 7).
Within the unfolding transition region the 'H-'"N
HSQC data are consistent with only the folded
and unfolded states in a slow conformational ex-
change on the NMR chemical shift timescale. No
new cross-peaks are observed throughout the
range of urea concentrations beside the ones that
originate from the folded and unfolded confor-
mations. However, individual unfolding patterns
for many of the folded resonances are nonuniform
in terms of peak intensity, especially between 0
and 3.5 M urea, suggesting noncooperative
changes within the folded state ensemble (a
more detailed analysis of the NMR data will be
presented elsewhere).

Urea binding and protein denaturation studies

The estimated Kg for 1:1 urea binding to the amide
of Leu31, 0.95+0.04 M, corresponds to at least a five
times higher affinity than previously reported
values for nonspecific interactions of proteins and
peptides with urea.***® This is particularly interest-
ing because the mechanism of protein—denaturant
interactions is the subject of much discussion,
questioning whether it simply represents weak
binding of denaturant molecules to specific protein
sites?”48 or whether it is dominated by indirect
changes in solvent properties as in the transfer or
linear free energy models.** The available data
suggest a weak binding of urea to denatured pro-
teins with widely varied estimates of K4 and the

observed variability likely reflects the existence of
multiple denaturant binding sites with different
affinities characteristic of disordered conformations.
In contrast, specific denaturant binding to a folded
protein would likely be favored by a local protein
structure. Lumb and Dobson reported urea binding
to the native state of hen lysozyme,”® where a
number of denaturant molecules were implicated in
binding, but the chemical shift changes were
primarily associated with the substrate binding
site. In the case of IL-1ra we are unaware of any
functionally important ligand binding in the vicinity
of Leu31. Analysis of IL-1ra crystal structures (PDB
ID: 1ILR,** 1IRA®) suggests that the amide proton of
Leu31 is located in a well-defined cavity forming an
entrance to the interior of the p-barrel (see stereo
view in Figure 10), structural properties of which
apparently stabilize the protein—urea interaction.
One of the crystal structures (PDB ID: 1ILR*)
contains water molecules, which are directly hydro-
gen bonded to the amide of Leu31. Displacement of
water molecules by urea could serve as a mechanism
that explains large chemical shift changes at this
particular location, while the rest of the protein
structure remains essentially unperturbed.

In general, specific denaturant binding events
would be difficult to observe in the absence of
residue-level information provided by NMR. Never-
theless, it is important to explore whether denatur-
ant binding can potentially induce changes in
protein spectral characteristics (for instance, via
binding in the vicinity of chromophores), because
it may have implications to protein denaturation
studies.

Among the p-trefoil proteins, IL-1ra and IL-1p
share the highest degree of sequence similarity”
and, as follows from this study, have similar
unfolding properties. It was previously shown for
IL-1p that its sole tryptophan residue (Trp120)
exhibits a biphasic emission change upon denatur-
ant titration.” Based on NMR data in guanidine

W120

Figure 10. Awall-eye stereo image illustrating the cavity (light gray) on the surface of IL-1ra. The side-chains of Leu31
and Trp120 are shown in cyan and green, respectively. The amide of Leu31 is not visible in this representation.
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hydrochloride, it was concluded that IL-1p repre-
sents the case with no populating partially unfolded
states, while the biphasic behavior was attributed to
the heterogeneity of its folded state ensemble.® TL-
1ra contains an additional (hyperfluorescent) tryp-
tophan residue, Trpl7, which does not exhibit
biphasic emission change upon equilibrium unfold-
ing. Being structurally similar, IL-1p has a cavity
that resembles that of IL-1ra and contains Leu26,
which is equivalent to Leu31 in the receptor
antagonist. Moreover, based on the crystal structure
there is a water molecule that is directly hydrogen
bonded to the amide of Leu26 (PDB ID: 211B"). It is,
therefore, interesting to see whether urea can
displace water and induce chemical shift changes
in IL-1R in a fashion similar to IL-1ra and whether
any correlation can be found between urea binding
and protein fluorescence. As illustrated for IL-1ra in
Figure 10, the urea-binding site and Trp120 are not
too distant from each other and denaturant binding
in a nearby region could potentially affect trypto-
phan fluorescence.

Materials and Methods

High-purity recombinant human (nonglycosylated) IL-
1ra was supplied by an Amgen manufacturing facility.
Urea was obtained from ICN Biomedicals, Inc. (Aurora,
OH) (ultra pure grade). All chemicals were of reagent
grade or higher quality. Unless stated otherwise, the
standard conditions used for biophysical measurements
were 45 mM sodium phosphate (pH 7.0), 10% D,O, 5 mM
DTT, 5 mM hydroxylamine hydrochloride (HA-HCI)
(cyanate scavenger, see below), 25 °C. These conditions
were chosen to ensure the same sample composition for
NMR and optical measurements. Under these conditions
no aggregation or nonnative disulfide formation/scram-
bling were observed.

Expression and purification of 2H-'3C~'>N-labeled
IL-1ra

The *H-'°C-'"N-labeled IL-1ra was expressed and
purified as follows. The Escherichia coli strain GM121
(ATCC No. 202174) expressing the wild-type IL-1ra in the
PAMG21 vector (ATCC No. 98113) was inoculated into
50 ml of Celtone-natural medium (Spectra Stable Isotopes,
Inc., Columbia, MD) supplemented with 40 pg/ml of
kanamycin. This culture was incubated at 37 °C in a 300-
ml baffled Ehrlenmyer flask with shaking at 250 rpm.
After 8 h the culture was centrifuged and the supernatant
was discarded. The cells were resuspended in 1 1 of
Celtone-DCN medium from Spectra Stable Isotopes
(>97% 2H, >98% '3C, >98% '°N). Cells were grown at
37 °C in a 2800-ml Fernbach flask to an optical density of
1.0 at 600 nm and then induced with 300 pg/1 of N-(B-
ketocaproyl)-DL-homoserine lactone autoinducer (K-3255,
Sigma—Aldrich Corp., St Louis, MO). The culture was
incubated for an additional 14 h at 37 °C and then
harvested by centrifugation. The wet cell pellet (1-2 g) was
resuspended in 5 ml of cold buffer A (25 mM sodium
acetate, 100 mM NaCl, 1 mM EDTA, pH 5.2) and sonicated
on ice (4 pulses, 30 s each). Following centrifugation at
4 °C (12,000 rpm, 60 min) the supernatant was taken, the
pellet was washed with 1.5 ml of buffer A, and the

material was centrifuged again. The supernatants were
combined and the solution was adjusted to pH 5.2 with
1 M acetic acid. After overnight incubation at room
temperature the material was centrifuged at 10,000 rpm
for 30 min. The resulting supernatant was loaded onto
a GE Healthcare SP Sepharose Fast Flow column
(0.7x7.5 cm) pre-equilibrated with buffer A. After the
column was washed with 2 column volumes of buffer A,
the 2H-">C-""N-labeled IL-1ra was eluted with a stepwise
gradient of buffer B (25 mM sodium acetate, 280 mM
NaCl, 1 mM EDTA, pH 5.2). The protein fraction was
analyzed by SDS-PAGE, dialyzed against buffer C
(10 mM histidine, 50 mM NaCl, 0.1 mM EDTA, pH 6.0),
and centrifuged (11,000 rpm, 40 min). The supernatant
was loaded onto a GE Healthcare Q-Sepharose XL column
(0.7x9.5 cm) pre-equilibrated in buffer C, and the flow-
through fractions were collected and analyzed by SDS-
PAGE. The *H-"C-""N-labeled IL-1ra was found in the
flow-through and concentrated using an Amicon Ultracell
YMS stirred cell. The protein solution was exchanged with
25 mM sodium acetate, 1 mM EDTA, pH 5.2, and stored at
—70 °C. Identity and intactness of the *H~'"*C~'°N-labeled
IL-1ra were verified by RP HPLC/MS Lys-C peptide
mapping using unlabeled protein as a reference.

Construction, expression, and purification of single
tryptophan mutants of IL-1ra

The W17A and W120F mutations were introduced into
the sequence of IL-Ira in the pAMG21 vector by site-
directed mutagenesis via overlapping oligonucleotides
and PCR. The GM121 strain was transformed with the
resulting vectors via electroporation and the colonies were
selected on Luria broth plates supplemented with 40 pg/
ml kanamycin. Cells were grown in 10-1 culture volumes
in 15-1 Biolaffite 78 100 series fermenters in a medium
containing 0.5 ml/1 Fluka P2000 polyethylene glycol,
50 g/1 Quest International NZ-Amine HD, 0.3 g /I sodium
citrate, 4 g/1 dibasic potassium phosphate, 1 g/l magne-
sium sulfate-heptahydrate, 2 g/l ammonium sulfate, 80 g /1
glycerol, 60 ng/l biotin, 40 pg/1 folic acid, 420 pg/l1
riboflavin, 1.4 mg/1 pyridoxine hydrochloride, 6.1 mg/1
niacin, 5.4 mg/1 pantothenic acid, 27 mg/1 ferric chloride,
2 mg/1 zinc chloride, 2 mg/l cobalt chloride, 2 mg/l1
sodium molybdate, 1 mg/1 calcium chloride, 1.9 mg/1
cupric sulfate, 0.5 mg/1 boric acid, 1.6 mg/1 manganese
chloride, and 73.5 mg/1 sodium citrate dihydrate. The pH
was controlled at 7.0 and dissolved oxygen was main-
tained at a minimum of 20% of saturation. Cells were
grown at 37 °C to an optical density of 8 to 11 at 600 nm
and then induced with 300 ug/1 of N-(3-ketocaproyl)-DL-
homoserine lactone and harvested by centrifugation 6 h
later. The resulting wet cell pellet (~70 g) was resuspended
in 10 vol (1 g/10 ml) of 10 mM sodium acetate, 50 mM
NaCl, 5 mM EDTA, pH 5.2, and the cells were lysed at
16,000 psi using a microfluidizer (Model 110S, Micro-
fluidics Corp.). The resulting lysate was centrifuged for
30 min at 10,000g at 4 °C. Both mutants were detected in
the soluble fraction of the lysate by SDS-PAGE. The
clarified lysate solution with conductivity of 10 mS/cm
was applied directly to a Pharmacia SP-Sepharose
(3.2x10 cm) fast flow cation exchange column equilibrated
with 10 mM sodium acetate, 0.1 M NaCl, 1 mM EDTA, pH
5.2, with a flow rate of 6 ml/min, at 4 °C. The column was
then washed with 5 column volumes of the equilibration
buffer. A 10-column volume linear gradient from 0.1 to
0.25 M NaCl was used to elute the IL-lra mutants. The
fractions were collected and pooled based on SDS-PAGE
Tris—glycine gel analysis. Subsequently, the protein
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fractions were concentrated and buffer was exchanged
using an Amicon S1Y3 spiral cartridge (Millipore, Inc.,
Billerica, MA) versus 10 mM histidine, 0.1 M EDTA, pH 6.2,
and applied to a Pharmacia Q-hp (2.6x10 cm) anion
exchange column equilibrated with 10 mM histidine,
20 mM NaCl, 0.1 M EDTA, pH 6.2, at room temperature
(with a flow rate of 5 ml/min). The column was washed
with 5 column volumes of the equilibration buffer. A 10-
column volume linear gradient from 20 to 85 mM NaCl
was used to elute the IL-1ra variants. The fractions were
collected and pooled based on SDS-PAGE Tris-glycine gel
analysis. Both mutant proteins were concentrated up to
~14 mg/ml and dialyzed versus 50 mM sodium phos-
phate buffer, pH 7.0. Identity and intactness of the W17A
and W120F variants were verified by RP HPLC/MS Lys-C
peptide mapping using the wild-type protein as a
reference.

Suppression of IL-1ra carbamylation in urea

Mass spectral analysis of IL-Ira exposed to high
concentrations of urea at pH 7 showed substantial
carbamylation of the protein within a few hours at
room temperature (data not shown). Because complete
conformational equilibration of IL-1ra requires more than
12 h due to intrinsically slow unfolding (see Results),
various cyanate scavengers were tested to suppress the
unwanted modification. Comparison of Gly-Gly, ethyle-
nediamine, and HA-HCI with the amino group pK values
of 8.3, 7.0, and 6.2, respectively, showed that hydro-
xylamine is the most effective scavenger in agreement
with its lower pK.”” HA-HCI concentrations as low as
5-10 mM were adequate for suppressing IL-1ra carba-
mylation for the duration of the experiments and did not
interfere with 'H-"°N HSQC. HA-HCIl concentrations
such as 50 mM or higher induced multiple +16 Da
modifications of the protein upon prolonged incubation,
possibly due to oxidation. In this study, its concentration
was kept at 5 mM and no effects on protein structure and
stability were observed based on RP HPLC/MS, optical
spectroscopy, and NMR.

Urea-induced unfolding experiments

Equilibrium titration experiments were performed on
separately prepared protein solutions with different
concentrations of urea, following an overnight incubation
at 25 °C. The denaturant concentration for each point of
the titration was determined by measuring refractive
index (£3x 10 *) using a Leica Abbe Mark II refractometer
(Leica Microsystems, Exton, PA). The wild-type IL-1ra
concentration was estimated using a theoretically calcu-
lated extinction coefficient of 15,470 M™! ecm ™! at 280 nm.
The single tryptophan mutant concentrations were calcu-
lated using an extinction coefficient of 9970 M cm .

Optical spectroscopy

Fluorescence measurements were performed on a T-
format Quanta 6 PTI fluorimeter (Photon Technology
International, Lawrenceville, NJ) equipped with two
emission channels and a thermoelectric temperature
control unit. For generating equilibrium denaturation
curves, the excitation wavelength was set to 280 nm and
the emission channels were set to 303 and 350 nm to allow
for simultaneous detection of the tyrosine and tryptophan
emission, respectively. The excitation bandwidth was set to

4 nm and the emission bandwidths were set to 10 and 6 nm
for the corresponding emission channels. The signal in-
tensity at every denaturant concentration was an average
of a 60-s kinetic measurement. For spectral measurements,
protein fluorescence was excited at 280 nm and scanned
from 290 to 400 nm. The excitation and emission
bandwidths were set to 1 and 6 nm, respectively. The
spectrum of a blank buffer solution measured under
identical conditions was used for subtracting the Raman
peak of water. Typically, 3-8 pM protein solutions were
used for the fluorescence measurements.

ANS emission was excited at 375 nm and measured at
492 nm with the excitation and emission bandwidths set to
10 and 12 nm, respectively. ANS emission intensity as a
function of urea was plotted based on 10-s kinetic mea-
surements to minimize signal decrease due to photobleach-
ing. The dye and the protein concentrations were 5 pM.

CD measurements were performed on a Jasco J-810
spectropolarimeter (Jasco, Easton, MA) equipped with a
thermoelectric temperature control unit. Urea-induced
denaturation in the far-UV region was monitored at
230 nm with 0.2-cm path-length and a 3-nm bandwidth;
changes in the near-UV (aromatic) region were followed at
283 and 310 nm (to account for the baseline drifts), with
1-cm path-length and a 2-nm bandwidth. Signal intensity
was recorded at each denaturant concentration for 120 s
and the data points were averaged to improve quality of
the data. Spectral measurements including wavelengths
shorter than 230 nm were performed with 0.1-cm path-
length and a 4-nm bandwidth. Spectra of blank buffer
solutions acquired under identical conditions were used
for background correction. Steady-state spectra were
recorded by scanning 215 to 260-nm and 240 to 330-nm
wavelength ranges for the far- and near-UV CD, respec-
tively. Protein concentrations were 25-80 pM and 50-
80 uM for the far and near-UV CD measurements,
respectively.

CD thermal denaturation measurements at 230 nm were
performed as described previously.34 Briefly, a 5 to 85 °C
temperature range was monitored with the rate of
temperature change of 1 °C/min, using 1-cm path-length
and a 4-nm bandwidth. Reversibility of the denaturation
was verified by an inverse temperature scanning immedi-
ately after the 85 °C set point was reached, with the same
rate of temperature change. Protein solutions of 80 pM were
incubated overnight at 25 °C in 50 mM sodium phosphate,
5 mM DTT, 5 mM HA-HCI, pH 7.0. Immediately prior to
the denaturation measurements, protein solutions were
diluted down to 5 pM using 45 mM sodium phosphate
buffer (pH 7.0), containing 10% D,O and 0.5 M NaCl.

NMR spectroscopy and quantitative peak shift analysis

All NMR experiments were performed at 25 °C using a
Bruker DRX Avance 600 MHz NMR spectrometer (Bruker)
equipped with an inverse TXI, z-gradient cryogenic probe.

1D 'H-NMR denaturation experiments were performed
using 1 mM samples of unlabeled wild-type IL-1ra. Each
spectrum was acquired with 8192 complex points and
signal averaged for 64 scans with eight dummy scans.
Spectra were processed using the ADCLABS 1D NMR
processor, referencing 'H chemical shifts relative to the 'H
methyl resonances of DSS.

2D 'H-""N HSQC denaturation experiments were
performed on 0.13 mM samples of uniformly *H-"*C~'°N-
labeled wild-type IL-1ra. Spectra were processed using
NMRPipe. 'H-N HSQC experiments were run with 64
experiments in "’N dimension (¢1) consisting of 40 scans and
1024 data points in 'H dimension (£2).
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Previously published resonance assignments for wild-
type IL-1ra% were used as a reference for reassigning the
"H-"N cross-peaks. HNCA, HNCOCA, and HNCACB
data optimized for a deuterated protein were acquired to
confirm assignments in the absence of urea, using a
0.66 mM sample of “H-">C~"°N-labeled IL-1ra. To verify
the Leu31 amide proton assignment in the presence of
urea, a separate HNCACB experiment was performed
using a 0.46 mM sample of *H~">C~'>N-labeled protein
in 2.5 M urea.

Quantitative peak shift analysis for Leu31, which
showed a 'H chemical shift change of ~1.0 ppm between
0 and 5 M urea, was performed as described by Zarrine-
Afsar et al.”® A linear baseline correction was required for
adequate fitting of the urea binding, and the extracted
correction value was 0.005 ppm/M. As suggested pre-
Viously,58 this linear dependence may reflect some small
noncooperative changes of the folded state as a response
to increasing concentrations of urea.

RP HPLC/MS analysis

RP HPLC/MS analysis of IL-1ra was performed on
an Agilent 1100 Capillary HPLC system equipped with a
UV detector, an autosampler, a nano flow cell, and a
temperature-controlled column compartment (Agilent,
Palo Alto, CA). The mobile phase included water with
0.1% trifluoroacetic acid (J.T. Baker, Phillipsburg, NJ) in
solvent A and 70% isopropanol (Burdick & Jackson,
Muskegon, MI), 20% acetonitrile (J.T. Baker), 9.9% water
with 0.1% trifluoroacetic acid in solvent B. Zorbax Stable
Bond SB300 C8 50%1 mm columns with 3.5-pm particle
size and 300-A pore size (Agilent and Micro-Tech
Scientific, Inc., Cousteu Court, Vista) were used for RP
HPLC analysis. Columns were operated at 50 °C with a
flow rate of 50 pL/min. Before injection, the column was
conditioned with 1% B. A linear gradient of B increasing
from 30 to 45% was utilized for elution and separation of
IL-1ra and its fragments generated by the limited
proteolysis. The column eluate was analyzed by the UV
detector and then directed to an in-line mass spectrometer.
In-line with RP chromatography, electrospray ionization
(ESI) time-of-flight mass spectrometry was performed on
a Waters Q-Tof Micro mass spectrometer equipped with
an ESI atmosphere—vacuum interface. The mass spectro-
meter was set to run in a positive ion mode with a cap-
illary voltage of 3200 V, sample cone at 40 V, m/z range of
600—4000, and mass resolution of 5000. The instrument
was tuned and calibrated using multiply charged ions of
trypsinogen (T1143, Sigma). The deconvolution of ESI
mass spectra was performed using a MaxEnt1 algorithm,
which is a part of the MassLynx software from Micromass.

Size-exclusion HPLC

Size-exclusion HPLC experiments were performed on
an Agilent 1100 system using Super SW 2000 column (TSK
Gel, particle size 4 um, TOSOH Bioscience) equilibrated
with 6.5 M urea in 50 mM sodium phosphate (pH 7.0),
5 mM DTT, 5 mM HA-HCI, at 25 °C. The flow rate was
kept at 0.3 ml/min and the pressure in the column was
100 psi. The first injection was made immediately after
native IL-Ira was manually mixed with a denaturing
buffer to achieve an increase in urea concentration from 0
to 6.5 M. The sample vial was kept at 25 °C in the
autosampler and used throughout the course of the
experiment. Snapshots of the kinetic process were
obtained via multiple injections from the vial and by

monitoring the signal at 280 nm. The chromatograms were
analyzed and integrated using Chemstation software
(Agilent).
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