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ABSTRACT: Conformational properties of the folded and unfolded ensembles of human interleukin-1 receptor
antagonist (IL-1ra) are strongly denaturant-dependent as evidenced by high-resolution two-dimensional
nuclear magnetic resonance (NMR) limited proteolysis, and small-angle X-ray scattering (SAXS) The folded
ensemble was characterized in detail in the presence of different urea concentrations by 'H—'"N HSQC
NMR. The S-trefoil fold characteristic of native IL-1ra was preserved until the unfolding transition region
beginning at 4 M urea. At the same time, a subset of native resonances disappeared gradually starting at low
denaturant concentrations, indicating noncooperative changes in the folded state. Additional evidence of
structural perturbations came from the chemical shift analysis, nonuniform and bell-shaped peak intensity
profiles, and limited proteolysis. In particular, the following nearby regions of the tertiary structure became
progressively destabilized with increasing urea concentrations: the -hairpin interface of trefoils 1 and 2 and
the H2a—H2 helical region. These regions underwent small-scale perturbations within the native baseline
region in the absence of populated molten globule-like states. Similar regions were affected by elevated
temperatures known to induce irreversible aggregation of IL-1ra. Further evidence of structural transitions
invoking near-native conformations came from an optical spectroscopy analysis of its single-tryptophan
variant W17A. The increase in the radius of gyration was associated with a single equilibrium unfolding
transition in the case of two different denaturants, urea and guanidine hydrochloride (GuHCI). However, the
compactness of urea- and GuHCl-unfolded molecules was comparable only at high denaturant concentra-
tions and deviated under less denaturing conditions. Our results identified the role of conformational
flexibility in IL-1ra aggregation and shed light on the nature of structural transitions within the folded

ensembles of other S-trefoil proteins, such as IL-15 and hFGF-1.

Understanding the interplay between protein folding and
aggregation requires information about the structure, stability,
and dynamics of the various conformational states accessible to a
polypeptide chain. Human recombinant interleukin-1 receptor
antagonist (IL-1ra)' is a S-trefoil protein that suppresses inflam-
matory and immune responses mediated by interleukin-lo
(IL-1ov) and interleukin-15 (IL-15) ({). Irreversible aggregation
of IL-1ra induced by elevated temperatures or low-molecular
weight additives has been a topic of research over the past few
years (2—7). However, structural preferences of the folded and
denatured states of IL-1ra and the role of equilibrium intermediates
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in its aggregation process remained unclear. Because of a high
degree of sequence and structure similarity (8, 9), the folding and
stability of IL-1ra resemble those of the well-studied IL-1f (10).
Both proteins display the archetypal S-trefoil global fold (17) in
which six S-strands form a p-barrel (61, p4, B5, B8, (9, and
p12) capped at one side by another six f-strands forming a
triangular array of hairpins ($2—f3, p6—p7, and [10—p11
hairpins) (9, 12). Other examples of S-trefoil proteins with known
folding properties include acidic and basic fibroblast growth
factors and hisactophilin (/3—16). The tertiary structure of
p-trefoil proteins exhibits a pseudo-3-fold symmetry and is
characterized by the presence of three repeating units (trefoils)
consisting of 40—50 amino acids. The trefoils are structurally
interdependent regions numbered as trefoils 1, 2, and 3, starting
from the N-terminus. Experimental and computational studies
suggested that folding of 5-trefoil proteins is initiated in turns and
continues with the stabilization of trefoils (16, 17). For example,
the folding of hisactophilin requires the formation of medium-
and long-range interactions in trefoils 2 and 3, whereas IL-15
folds through the ends-together route (begins with trefoils 1
and 3) or via backtracking involving transient folding and
unfolding of trefoil 3 (17, 18). Available reports also suggested
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that equilibrium unfolding of these proteins exhibits protein-
specific deviations from a highly cooperative two-state mechan-
ism. For example, hFGF-1 populates a nativelike intermediate
during equilibrium GuHCI unfolding (13, 14), whereas IL-1j
does not populate distinct equilibrium intermediates but exhibits
conformational transitions within its structurally flexible native
state ensemble (19). Both proteins undergo small-scale structural
perturbations associated with increased H—D exchange rates
under mildly denaturing conditions (/4, 19). To identify factors
that determine such deviations from cooperative unfolding,
conformational properties of f-trefoil proteins need to be thor-
oughly investigated. In addition, near-native protein conforma-
tions may be biologically relevant, and their characterization is
important from the perspective of protein function.

We previously reported that IL-1ra also deviated from a highly
cooperative equilibrium unfolding mechanism (/0). While fluor-
escence- and CD-monitored denaturation transitions of IL-1ra
were consistent with a two-state unfolding, high-resolution NMR
revealed small-scale structural perturbations within its native
baseline region (/0). Also, H—D exchange rates of IL-1ra were
sensitive to the presence of various excipients, suggesting an
unusually flexible native state ensemble (2). The lack of informa-
tion about the nature of underlying structural transitions called
for a more detailed analysis of IL-1ra denaturation.

In this study, we investigated equilibrium unfolding of IL-1ra
using SAXS, high-resolution 2D NMR, and limited proteolysis.
By comparing data generated by these highly informative and
diverse techniques, we gained sufficient insight into the local and
global characteristics of the protein in its different conforma-
tional states. Because of the growing interest in protein dynamics,
particular attention was paid to the conformational behavior of
IL-1ra within its native baseline region. As a result, we identified
the location and scale of structural perturbations, which precede
global unfolding of IL-1ra and potentially control its aggregation
process.

MATERIALS AND METHODS

High-purity recombinant human (nonglycosylated) IL-1ra
was supplied by an Amgen manufacturing facility. The uniformly
3C-and "N-labeled IL-1ra and its W17A mutant were produced
as previously described (/0). Urea and GuHCI were obtained
from ICN Biomedicals, Inc. (Aurora, OH) (ultrapure grade).
"H—""N HSQC NMR measurements were performed on protein
solutions containing 130 uM IL-1ra in 45 mM sodium phosphate
buffer (pH 7.0) with 10% deuterium oxide (D,0) and 5 mM
DTT. SAXS, CD, and fluorescence measurements were per-
formed on protein solutions containing 290, 25—60, and 10 uM
IL-1ra, respectively, under identical conditions. In the case of
urea denaturation, protein samples were supplemented with
8.8 mM HA-HCI to suppress carbamylation (10). All equilibrium
denaturation experiments were performed at 25 °C; optical
spectroscopy measurements were conducted as previously
described (10).

SAXS. SAXS measurements were performed at the BioCAT
ID-18 undulator beamline at the Advanced Photon Source
(APS), Argonne National Laboratory (Argonne, IL). Scattering
images were acquired using a Marl65 single-chip CCD area
detector (MarUSA, Inc., Evaston, IL) with an exposure time of
~1 s. Sample solutions were passed through the 1 mm diameter
capillary cell during equilibrium measurements. This procedure
effectively reduced the exposure time of the sample to beam to
10 ms and helped avoid radiation damage. Blank scattering
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(identical conditions except without protein) was measured just
before each measurement of the protein sample. The temperature
was 25 °C for all measurements.

The SAXS data were analyzed using IGOR Pro
(WaveMetrics, Inc., Lake Oswego, OR) macros written by the
BioCAT staff at APS. R, and /(0) were obtained on the basis of
the Guinier approximation within the Guinier region (R0 =<
1.3) (20, 21):

InI(Q) = InI(0)—RS 0Q%/3

NMR Spectroscopy. Urea denaturation experiments were
performed at 25 °C using a Varian (Palo Alto, CA) INOVA 8§00
MHz NMR spectrometer equipped with a 5 mm triple-resonance
probe.

'H-"N HSQC spectra were acquired with 64 experiments
conducted in the '’N dimension (#,) consisting of eight scans and
1024 data points in the 'H dimension (1,). The total experimental
time for each spectral acquisition was 24 min. Spectra were
processed using NMRPipe (22) and analyzed using NMR-
View (23). The "H—"°N cross-peak assignments from Stockman
et al. (24) were used.

Temperature ramping experiments were performed using a
Bruker (Billerica, MA) DRX Advance II 600 MHz NMR
spectrometer equipped with an inverse TXI, z-gradient cryogenic
probe, as previously described (7).

Real-Time Proteinase K Digestion with Reversed-Phase
HPLC—MS Analysis. Broad specificity proteinase K (P5568,
Sigma-Aldrich, St. Louis, MO) was used in the limited proteo-
lysis experiments. Samples contained 60 uM IL-1ra in 50 mM
sodium phosphate buffer (pH 7.0) with 3 mM DTT, 5 mM HA-
HCI, and different levels of urea (0, 3, and 5 M). We made the first
injection (see HPLC details below) immediately after mixing
IL-1ra with the protease at an E:S ratio of 1:100. Samples were
kept at 25 °C throughout the course of the experiment. Snapshots
of the digestion process were obtained via repeated sample
injections. The chromatograms were analyzed and integrated
using Chemstation (Agilent, Palo Alto, CA).

Reversed-phase HPLC—MS analysis was performed on an
Agilent 1100 Capillary HPLC system online with a Waters
electrospray ionization (ESI) quadrupole time-of-flight (Q-TOF)
Micro mass spectrometer according to the previously described
protocol utilizing the buffer with 70% 2-propanol in solvent
B (25). A 2 ug protein sample was injected on the Zorbax Stable
Bond SB300 C8 50 mm x 1 mm column operated at 50 °C, and a
linear gradient of B increasing from 30 to 45% was utilized for
elution and separation of IL-1ra and its fragments. The column
eluate was analyzed with the UV detector at 215 nm and then
directed to an online mass spectrometer.

Identification of peptides produced by the limited proteolysis
was performed by MS/MS analysis on a hybrid linear quadrupole
ion trap [Orbitrap mass spectrometer (LTQ Orbitrap, Thermo
Scientific, Bremen, Germany)] connected online to the Agilent
1100 Capillary HPLC system. The LTQ-Obritrap was opearated
using the previously described method (26). A program devel-
oped at Amgen, MassAnalyzer, was used to automatically
identify the digestion products by correlating the acquired
fragmentation mass spectra to the sequence of IL-1ra.

RESULTS

SAXS-Detected Unfolding Equilibrium. Equilibrium un-
folding of IL-1ra was monitored by SAXS to measure its radius
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of gyration (R,) in the presence of different urea and GuHCI
concentrations. Guinier plots [In 1(Q) versus Q7 plot (20)] of the
scattering curves for the native protein at concentrations of 2, 5,
and 7 mg/mL demonstrated an expected increase in zero-angle
scattering intensity, /(0), with an increasing protein concentration
(data not shown) (20). The scattering curves showed no rollover
inlow Q* regions for any of the protein concentrations, indicating
the absence of a strong interparticle interference effect (20, 27)
within this concentration range. Equilibrium unfolding experi-
ments were conducted using 5 mg/mL (290 uM) protein solutions
which provided high-quality data with no significant complica-
tions due to aggregation.

Panels A and B of Figure 1 show the Kratky plots [/(Q)0* vs O
plot] (20, 28) of the scattering curves measured at various urea
and GuHCl concentrations, respectively. At 0—4 M urea, a peak
was observed at Q ~ 0.1 A™' (see Figure 1A), indicating a
compact globular structure of the protein. A striking change in
the Kratky plots occurred only at higher denaturant concentra-
tions and coincided with the unfolding transition region (see
below). In the case of GuHCI, a similar peak was present up to
~1.1 M denaturant, but there was a slight change in its position
and shape upon addition of as little as 0.4 M GuHCI (see
Figure 1B). Besides this, no significant changes in the position
of this peak were noticed either in urea or in GuHCI. Further
increase in the denaturants resulted in Kratky profiles exhibiting
a monotonic increase, which is expected for expanded coil-like
chain conformations (29, 30).

The 1(0) values decreased with increased denaturant levels in
an approximately linear fashion, consistent with a decrease in
the net electron density contrast between solute and solvent
(20, 31, 32). There was a noticeable plateau coincident with the
unfolding transition region for both denaturants that could be
due to some low level of protein aggregation (data not shown)

The unfolding transition curves were monitored by R, ? which
is a preferred way of analyzing SAXS denaturation ddtd [Rg is
proportional to the scattering intensity and can be represented as
a linear combination of the fractions of native and unfolded
states (33)], and Figure 2A shows experimental results for both
denaturants. Fitting of a two-state model to the Rg2 data was
done by assuming linear baselines for the folded and unfolded
states, and the equilibrium parameters are listed in Table 1. The
SAXS-based estimates of AGyy were comparable between the
denaturants, and the data agreed well with the results of the far-
UV CD measurements (the normalized data are shown in
Figure 2B). In accordance with the previous results (2), there
was a large difference between the denaturing strength of urea
versus GuHCL. Whereas GuHCl is generally 1.5—2.5 times more
effective as a protein denaturant than urea (34), for IL-1ra the
corresponding C,, values (denaturation midpoints) varied
~3.5-fold. Together with notable differences in the folding and
unfolding rates in urea and GuHCI (kinetic folding experiments
by R. F. Latypov, unpublished data), this result suggested
sensitivity of the IL-1ra structure to the ionic strength of the
solvent.

A few representative Guinier plots that are shown in Figure 1C
illustrate the dependence of the protein size on the GuHCI
concentration. There was no significant change in the size of
IL-Iraup to 1.1 M GuHClI, and its R, remained close to 17.36 &
0.07 A, which was somewhat smaller than the R, of the native
apomyoglobin (a 154-residue protein) that varled from
182 A (35 t019.7+£13 A (21). Our estimate of R, corrobo-
rated previously measured hydrodynamic diameter of IL-1ra
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FIGURE 1: SAXS measurements. The Kratky plots of IL-1ra in the
presence of various (A) urea and (B) GuHCl molar concentrations, as
indicated. The scattering intensities are in arbitrary units. (C) Re-
presentative Guinier plots and estimated R, values for GuHCI-
induced denaturation. To accurately measure the R,, scattering data
must be taken across angles where the Guinier approximation holds
Q=1 3/R ). Our reliable data start at Qpi, values of ~0.01
—0.02 A~ (for R, = 41 A Omax = 0.032 A) This low Qs value,
along with the lmearlty in the Guinier plot, demonstrates that the
R, can be reliably obtained from these data.

(3.4 + 0.3 nm) using dynamic light scattering (5). As far as the
unfolded conformation, its GuHCI dependence deviated from a
horizontal line (Figure 2A) and could be extrapolated down to
354 + 0.6 A at 0 M denaturant. This estimate lies within the
lower limit of values expected for random-coil chains consisting
of 153 residues (34.2—44.5 A; within a 95% confidence inter-
val) (30). Figure 1C shows examples of the Guinier plots
corresponding to 2—6 M GuHCI where an incremental change
in the R, is observed (see also Figure 2A). Extrapolation of the R,
for the urea-unfolded IL-1ra was not attempted due to a less
defined post-transition baseline. However, we noted differences
in the R, of denatured molecules at the completion of respective
GuHCI- and urea-induced transitions, which disappeared only at
higher denaturant concentrations (Figure 2A).

Figure 2B shows an overlay of the normalized unfolding
curves measured by SAXS and far-UV CD. As follows from
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the close correspondence of the data, both techniques detected
the same conformational transition between the folded and
unfolded states. The apparent two-state mechanism of protein
denaturation was supported by the Kratky plots that showed an
iso-scattering point at O ~ 0.18 A~ in the case of both
denaturants (cf. Figure 1A,B). Overall, no evidence of any
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FiGure 2: SAXS and CD measurements. (A) GuHCI- and urea-
induced unfolding of IL-1ra as monitored by Rg2 (O and @,
respectively). Errors are standard errors of the Guinier fitting (in
many cases, the error bars are smaller than the symbols). The solid
lines represent the best fits to a two-state denaturation model. (B)
Normalized GuHCI- and urea-induced unfolding transitions mea-
sured by SAXS (circles) and far-UV CD (triangles). The GuHCI and
urea data are depicted as white and gray symbols, respectively. The
squares illustrate changes in the normalized peak intensity for the
unfolded state resonance of Glul53 [available for urea denaturation
only (see text)].
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measurable accumulation of partially folded protein conforma-
tions was found.

NMR-Detected Unfolding Equilibrium. (i) Urea-De-
pendent Chemical Shift Changes. Our earlier NMR measure-
ments revealed nonuniform peak intensity variations under
subdenaturing conditions (/0), which required more detailed
investigation. In this study, we acquired a series of '"H—""N
HSQC spectra of a uniformly C- and ""N-labeled IL-1ra
preincubated with different concentrations of urea (see Figure
S1 of the Supporting Information). Because of slow conforma-
tional exchange (10), it was possible to monitor resonances from
the folded and denatured states of the protein within a wide range
of conditions. Because of partial peak overlap and missing
assignments [primarily from the N-terminal part of the
protein (24)], only 88 native resonances were analyzed in terms
of their chemical shifts and intensity. Both amide proton and
amide nitrogen chemical shifts were used as reporters of structural
changes, and panels A and B of Figure 3 illustrate changes
induced by 3.5 M urea. It can be seen that addition of denaturant
caused structural perturbations along the entire length of the
protein. The overall chemical shift change continuously increased
throughout the pretransition region. The majority (~60%) of the
folded state peaks exhibited linear 'H chemical shift dependencies
up until the unfolding region (illustrated by the amide peak of
Asp75 in Figure S2 of the Supporting Information). The most
pronounced chemical shift change was exhibited by the cross-
peak of Leu31 (Figure 3A,B), which was previously shown to be
induced by urea binding (/0). Many of its neighboring residues
(Thr23, Leu26, Arg27, GIn30, Val32, Gly34, and Tyr35) also
exhibited chemical shift variations that were consistent with urea
binding (illustrated by the amide peak of Arg27 in Figure S2).
Taken together, the data pinpointed at the 52—/3 hairpin from
the hairpin cap, and a similar trend was observed for the other
two hairpins (6—p7 and $10—p11). Specifically, we identified
the following positions within the f6—f7 and $10—p11 hairpins
and their flanking regions: Leu59, Lys65, Cys67, Cys70, Arg78,
Glu82, Ala83, Asn85, Leu89, PhelOl, Ile102, Ser114, Alalls,
Cys117, Asp129, GIn130, and Val132. This susceptibility to urea
binding distinguished the hairpin cap from the §-barrel, where
linear 'H chemical shift dependencies were more common.
Another interesting observation was the similarity of "H chemical
shift changes for Ala33 and Ala125 (Figure S2). Although these
residues belong to different hairpins (52—/3 and $10—/11 hair-
pins, respectively) and trefoils (1 and 3, respectively), they are
proximal to each other in the folded protein. Their strikingly
similar chemical shift profiles were indicative of changes in the
tertiary structure of the protein under conditions where accumu-
lation of the unfolded state was negligible.

Table 1: Thermodynamic Parameters of IL-1ra Obtained by Fitting of a Two-State Model to the Urea- and GuHCl-Induced Unfolding Transitions at 25 °C

biophysical method denaturant Cn (M) m (kcal mol ' M) AGyu (keal mol™")
SAXS GuHClI 1.59 4 0.02 5.69+0.94 9.1+1.6
far-UV CD GuHClI 1.51 £0.01 5.39+0.10 8.1+0.2
SAXS urea 5.25+0.06 1.59 4 0.20 83+12
far-UV CD urea 5.21+0.01 1.76 £0.03 9.2+0.2
5.19+0.03¢ 1.09 £ 0.05° 57403
NMR urea 5.24+0.12° 1.0440.15" 55+0.9°
521+0.17° 1.6640.30° 8.7+1.8°

“Average thermodynamic parameters of IL-1ra based on 48 native amide resonances exhibiting cooperative unfolding (see the text). “Residue-specific
equilibrium unfolding parameters for the native state resonance of Glul53 (see the text). ‘Residue-specific equilibrium unfolding parameters for the unfolded

state resonance of Glul53 (see the text).
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Although addition of urea induced widespread structural
perturbations, some regions of the protein exhibited much
greater changes in the electronic and electrostatic environment
than others. This was especially apparent from the ’N chemical
shift data which showed clustered perturbations roughly centered
at the 30th, 80th, and 130th residue positions, approximately 50
residues apart (Figure 3B). Specifically, perturbations at posi-
tions 23—34 coincided with the entire $2—f3 hairpin that
contained residues implicated in urea binding (see above).
Another two regions coincided with the f6—f7 and 510—p11
hairpins: note, in particular, residues Lys72, GIn80, Ala83, Val84,
and Ser133. The only significantly shifting cross-peak outside of
the hairpin triplet corresponded to Ile47. Thus, the profile of the
>N chemical shift perturbations was clearly identifiable with the
p-hairpins of the hairpin cap. In contrast, it was more difficult to
interpret the "H chemical shifts (Figure 3A): besides Leu31, only
five residue positions exhibited chemical shift perturbations
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FIGURE 3: Chemical shift changes among native 'HN and "N
resonances of '*C- and '*N-labeled IL-Ira. The graphs show resi-
due-specific perturbations induced by 3.5 M urea (A and B), a
temperature change from 5 to 25 °C (C and D), and a temperature
change from 25 to 45 °C (E and F). For every condition, the "HN and
N chemical shifts are plotted separately as they provide a different
type of structural information (see the text). For ease of comparison,
the chemical shift differences are shown as absolute numbers. The
largest chemical shift perturbation exhibited by Leu31 was previously
attributed to a site-specific binding of urea (/0). The location of the
12 B-strands and the three 3;4-helices is indicated in panel B (9).
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exceeding 0.1 ppm prior to unfolding (Arg27, Cys67, PhelOl,
Glul40, and Thrl45), suggesting that IL-lra remained in a
largely folded conformation.

(if) Urea-Dependent Peak Intensity Variations. A char-
acteristic feature of IL-1ra denaturation is the nonuniformity of
peak intensity variations exhibited by its native resonances (see
Figure S3 of the Supporting Information). Figure 4A illustrates
normalized peak intensity changes exhibited by a few represen-
tative peaks. In many cases, the disappearance of the native state
resonances coincided with global unfolding. Although residue-
specific denaturation profiles varied significantly, negatively
sloped pretransition baselines were the most abundant, and
~70% of the profiles were similar to those of Glnl2 (gray
triangles) and GIn130 (black triangles). Forty-eight resonances
provided high-quality denaturation data for global curve fitting
analysis based on a two-state model. The estimated equilibrium
parameters are listed in Table 1, and the average fit is shown in

A 2.0
Pl °
[72)
c
Q 1.5
3]
£ °
X 1 [ ]
©
)
Q 1.0 4
o A
@
N 1
©
£ 0.5
—
9]
Z 4
0.0 T T T T T T T T T T T T T 1 T
0 1 2 3 4 5 6 7 8

Normalized peak intensity

[Urea], M

FIGURE 4: Residue-specific peak intensity variations as a function of
urea concentration. (A) Denaturant-dependent changes for a repre-
sentative set of native amide peaks. The peak intensities were normal-
ized with respect to the 0 M urea spectrum. Residues and symbols
(top to bottom): Gly38 (white circles), Asp75 (black circles), Asn92
(white triangles), GInl2 (gray triangles), GIn130 (black triangles),
Glu82 (white squares), and Asn85 (black squares). Solid lines in the
case of Gly38, Asp75, Asn92, GInl2, and GIn130 represent the best
fits of a two-state denaturation model to the normalized data. Solid
lines in the case of Glu82 and Asn85 are model-independent and
shown for illustrative purposes only. (B) Normalized peak intensity
variations for a pair of amide resonances of Glul53 originating from
the folded and unfolded states (7) (shown by the white and gray
symbols, respectively). Solid lines represent the best fits of a two-state
denaturation model to their normalized intensity, whereas the dashed
line shows the average two-state fit for a total of 48 native resonances
(see the text).
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Figure 4B (dashed line). The average midpoint (C,,) for the
NMR-detected denaturation was close to that obtained from
optical spectroscopy measurements (/0), whereas the m value was
considerably lower. As a result, AGny of the protein as deter-
mined by NMR appeared to be substantially lower (Table 1).
This aspect was examined further by using a pair of Glul53
resonances originating from the folded and unfolded states of
IL-1ra (7). Since Glul53 is the C-terminal residue that does not
exhibit substantial conformational exchange (NMR relaxation
experiments by T. S. Harvey and D. Liu, unpublished results),
this pair of resonances served as a useful probe of protein
denaturation. Figure 4B shows normalized peak intensity varia-
tions of these two resonances together with the corresponding
two-state fits. In Figure 2B, the normalized peak intensity for the
unfolded state resonance is overlaid with the SAXS and CD data
(see the white squares). The equilibrium parameters for the native
peak were very close to the average NMR values and corre-
sponded to the lower estimate of AGny, whereas results for the
unfolded peak were virtually indistinguishable from those of
SAXS and far-UV CD measurements (Table 1). This suggested
that the discrepancy in the m values was related to the loss of the
native peak intensity associated with the negatively sloped
pretransition baselines, likely because of a growing population
of another conformational state.

As illustrated by Gly38 and Asp75 in Figure 4A, some of the
native resonances exhibited positively sloped pretransition base-
lines. Their peak intensities increased in an apparently linear
fashion and reached the maximum by the unfolding transition
region. At present, such behavior is known to be limited to the
peaks of Gly38 and Asp75 that approached normalized values of
~1.7 and ~1.3, respectively, by 4 M urea.

Another group of residues exhibited nonsigmoidal peak
intensity variations indicative of noncooperative changes in the
protein structure. Their denaturation profiles were similar to
those of Glu82 and Asn85 in Figure 4A as they showed little or no
evidence for the unfolding process between 4 and 6 M urea. The
majority of these residues lost a significant portion (>50%) of
their native intensity prior to unfolding and was distributed
within the f-trefoil structure in a nonrandom way. With the
exception of Alal125 and Lys146, the rest of the residues [18 of 20
residues total (see Table 2)] formed a large and well-defined
cluster (see Figures 7A and 8A,B). This cluster was formed
exclusively by the residues from trefoils 1 [residues 1—52 (9)] and
2 [residues 53—106 (9)]: lle16, Phe24, Leu31, Iled7, Asp48, Leus9,
Gly60, Gly63, Gly64, Lys65, Cys67, Leu68, Ser69, Glu§2, Val84,
Asn85, 11e86, and Ala100. These positions resided within the 1,
P4, and B5 strands, the 52—p3 and f6—[7 hairpins, and the 3y
H2a—H2 helices [residues 86—88 and 94—99 (9)]. As for Alal25
and Lys146 from trefoil 3 [residues 107—153 (9)], they belong to
the hairpin cap (specifically, to the f10—/11 hairpin), but their
clustering is less evident. Overall, a large number of noncoopera-
tively unfolding positions was associated with a contiguous area
of the protein structure susceptible to structural and dynamic
changes under moderately denaturing conditions.

(iif)y Minor Peaks. High-quality data acquired in this study
allowed detection of some minor resonances that showed distinct
behavior from the peaks originating from the native and un-
folded states. Figure 5 shows two unassigned minor peaks from
two different regions of the "H—""N HSQC spectra as a function
of urea concentration. These peaks were absent under native
conditions (~0 M urea) but gained intensity as the denaturant
concentration increased. The intensity of one of these peaks
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Table 2: Structural Location of IL-1ra Residues Exhibiting Rapid or
Noncooperative Loss of Native '"H—""N HSQC Peak Intensity in Urea

residue secondary structure? p-trefoil”
Ile16 p1 strand 1
Phe24 f2 strand 1
Leu3l f3 strand 1
1le47 p4 strand 1
Asp48 p4 strand 1
Leu59 p5 strand 2
Gly60 f5 strand 2
Gly63 loop region 2
Gly64 loop region 2
Lys65 loop region 2
Cys67 f6 strand 2
Leu68 p6 strand 2
Ser69 f6 strand 2
Glug2 p7 strand 2
Valg4 loop region 2
Asn85 loop region 2
1le86 H2a 3, helix 2
Alal00 p8 strand 2
Alal25 p10 strand 3
Lysl46 loop region 3

“Based on the crystal structure of IL-1ra (9).

increased continuously from ~1.5 M urea up to the unfolding
transition region (see Figure SA). A further increase in the level of
urea led to its disappearance which coincided with global
unfolding of the protein. Qualitatively similar behavior was
exhibited by another minor peak shown in Figure 5B. The
intensity of this peak changed very differently from that of the
neighboring amide resonance of Phel47. The intensity of native
Phel47 continuously decreased as a function of urea, whereas the
minor peak steadily grew. At some point, intensities of these two
peaks became equal (within the unfolding transition region) prior
to their complete disappearance above 6 M urea. Although no
resonance assignments are currently available for any of the
minor peaks, their bell-shaped denaturant dependencies are clear
indications of noncooperative changes in the protein structure. In
some cases, these peaks were seen in the proximity of resolved
native peaks, suggesting accumulation of nativelike conforma-
tions in slow exchange with the native state (Figure 5B).
Limited Proteolysis. Limited proteolysis can serve as an
alternative technique for detecting subtle conformational
changes in proteins (/4, 36). To measure the structural flexibility
of IL-1ra, proteinase K digestion experiments were performed on
protein samples containing 0, 3, and 5 M urea. Proteinase K has
broad specificity toward aliphatic and aromatic amino acids and
can be used to assess multiple sites on proteins. The time-
dependent proteolysis was monitored by real-time reversed-phase
HPLC—mass spectrometry analysis (see Materials and Meth-
ods). The high column temperature and the low pH of the mobile
phase ensured on-column dissociation of digested protein mole-
cules into peptides. Consistent with our previous results (3), the
first detectable event was truncation of the disordered N-terminal
segment. Subsequently, the protein was cleaved at multiple
positions generally similar between 0 and 3 M urea (see Figure
S4 of the Supporting Information). Identification of flexible
regions was achieved by taking snapshots of the kinetic digestion
process followed by peptide identification and peak integration.
In the absence of urea, the protein was resistant to proteolysis and
contained ~75% of intact molecules (minus the N-terminus)
even after incubation for 24 h. This result highlighted a minor
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FIGURE 5: Expanded views of two 'H—'N HSQC spectral regions of '*C- and '"N—labeled IL-lIra in the presence of different urea
concentrations. In panel A, only the minor peak is shown. In panel B, the minor peak is indicated by an arrow. Residue assignments for the
minor peaks are currently unavailable. Urea concentrations were 0.75, 1.5, 2.5, 3.5,4.5, 5.0, 5.8, and 6.6 M (as indicated). Note that the intensities

of the minor peaks are maximal in ~4 M urea.

role of the N-terminal segment in determining the structural
stability of IL-1ra. In 3 M urea, the protein was only slightly less
resistant and contained ~50% of intact molecules by the end of
the study. In contrast, in 5 M urea, IL-1ra was ~90% digested
already within the first 10 h due to unfolding. We analyzed the
rate of protein fragmentation (represented by the percent loss of
intact molecules) and compared it with the rate of unfolding in
the absence of proteinase K. We found that IL-1ra unfolding did
not accelerate in the digestion experiment (cf. ~4 x 107> s~ ' vs
~6 x 107 s " in the absence of the protease), indicating little
interference from the protease.

Despite the multiplicity of cleavage sites characteristic of
proteinase K, the identification of peptides was near 100%
because of highly resolving mass spectrometry (see Materials
and Methods). Although in some cases peak coelution was
observed, the peptides were identified with a high degree of
confidence on the basis of their molecular mass and MS/MS
fragmentation (see Table S1 of the Supporting Information).
Thirty-five different cleavage sites were detected and mapped
onto the crystal structure of IL-1ra (see Figure 7C). A large
number of sites corresponded to partly exposed or buried peptide
bonds, which likely gained accessibility upon digestion-induced
disruption of the tertiary structure. The remaining solvent-
exposed sites correlated well with the peptides, which showed

higher abundance in 3 M urea compared to native conditions (see
Figure S4 of the Supporting Information). They are illustrated in
red in Figure 7C and listed in Table 3 along with the correspond-
ing chromatographic peaks. Many of them resided within
trefoils 1 and 2, primarily in the loop regions near the 3 helices
(see Discussion). These results were consistent with locally
destabilized folded conformations of IL-1ra in 3 M urea.

Optical Spectroscopy Analysis of W17A IL-1ra. Addi-
tional evidence of noncooperative changes in IL-1ra was ob-
tained using its previously constructed W17A mutant (10). Wild-
type IL-lra contains two tryptophan residues, Trpl7 and
Trp120, that are distant from each other within the protein
structure. Among them, Trpl7 is a dominant chromophore
determining the fluorescence and CD properties of the pro-
tein (10). Trp17 exhibits no sensitivity toward the noncooperative
changes, and its replacement with alanine is tolerated well by the
protein structure (/0). Therefore, the W17A mutant was found to
be useful for investigating structural changes masked by the
presence of Trpl7.

Between 0 and 2 M urea, the tryptophan emission of W17A
was fully quenched and the fluorescence spectra were dominated
by the tyrosine band at 302 nm (Figure 6A). The addition of 3—4
M urea led to a partial recovery of the Trp120 emission, which
exhibited several bands spanning the range of 335—350 nm.
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FIGURE 6: Optical spectroscopy measurements of W17A IL-1ra. (A)
Fluorescence spectra as a function of urea concentration (excitation
at 275 nm). (B) Fluorescence spectra as a function of urea concentra-
tion (excitation at 295 nm). (C) Near-UV CD spectra as a function of
urea concentration.

The increase in tryptophan fluorescence was independent of the
tyrosine excitation, as evidenced by the spectra collected with
excitation wavelengths set to 275 and 295 nm (cf. Figure 6A,B).
Since W17A is natively folded (/0) and Trpl7 and Trpl120 are
well separated within the S-trefoil structure, the data revealed
denaturant-dependent loss of local quenching interactions rather
than long-range mutational effects. To rule out the possibility
that specific binding of urea to the native protein is responsible
for this phenomenon, we conducted a series of experiments using
GuHCI as a denaturant and obtained similar results (data not
shown). To independently assess the extent of structural pertur-
bation, we recorded near-UV CD spectra under identical condi-
tions (Figure 6C). In agreement with the fluorescence data, no
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Table 3: Limited Proteolysis of IL-1ra by Proteinase K and Structural
Location of the Digestion “Hot Spots” That Differentiate Protein Samples
Containing 0 and 3 M Urea

cleavage site peak® secondary structure” B-trefoil”
Asn20—Gln21 10¢ loop region 1
Lys22—Thr23 8 loop region/f2 strand 1
Asn42—Leud3 14 H1 3 helix 1
His62—Gly63 13¢ loop region 2
Val84—Asn85 10¢ loop region 2
Thr87—Asp88 5¢ H2a 3, helix 2
Argl03—Ser104 5,56, 12 p8 strand 2
Alall5—Alall6 15,21 loop region 3

“Chromatographic peaks are numbered according to Figure S4 of the
Supporting Information (several peaks containing one common cleavage
site are listed together). More information about the peaks and peptides can
be found in Table S1 of the Supporting Information. “Based on the crystal
structure of IL-1ra (9). “This peak contained coeluting peptides (see Table
S1 of the Supporting Information).

spectral changes were seen between 0 and 1 M urea and the
addition of 3 M urea induced only minor changes consistent with
a small-scale structural perturbation. To verify that these results
were not influenced by protein aggregation, we performed
analytical ultracentrifugation experiments under similar condi-
tions (unpublished results by R. F. Latypov and V. I. Razinkov).
No evidence of protein—protein association was found, and the
frictional ratios remained essentially constant (1.3—1.4) up to
3 M urea. In contrast, fluorescence anisotropy measurements
revealed increased Trpl120 dynamics prior to global unfolding
induced by both urea and GuHCI (data not shown). This
decrease in tryptophan anisotropy was distinct from the anisot-
ropy of the tyrosines, which showed virtually no changes.
Therefore, the results for W17A confirmed accumulation of
locally perturbed nativelike states prior to global unfolding.
The fluorescence spectra of W17A exhibited two well-defined
isosbestic points at 307 and 353.5 nm (Figure 6A), which
provided further evidence of a non-two-state denaturation
process. The first transition was associated with only limited
structural changes. Our preliminary assessment showed that
these changes were consistent with the appearance of the minor
NMR peaks in a slow conformational exchange (see above). The
second transition coincided with the global unfolding of the
protein and thus corresponded to a transition between the overall
folded and fully unfolded states. A more detailed analysis of
WI17A folding and unfolding will be presented elsewhere.
NMR-Detected Structural Perturbations between 5 and
45 °C. A brief overview of the temperature ramping data on
’H-, 1C-, and ""N-labeled IL-1ra was presented previously (7).
The protein sample was heated from 5 to 45 °C, and a series of
"H—"°N HSQC spectra was recorded with 5 °C increments. Since
this temperature range corresponded to conditions dominated by
the folded state (3, 10), this study helped to reveal residues
accessing alternative conformations within a distance of 2—3
kcal/mol from the native state (37). Only ~80 native resonances
were analyzed in this experiment because some of the cross-peaks
appeared or disappeared as a function of temperature (other
reasons for limited data included partial peak overlaps and
missing assignments). The following peaks were identified on
the basis of their pronounced nonlinear 'H chemical shift
variations with temperature (with linear fit residuals exceeding
or equal to £0.01 ppm): Phel4, Argl5, Phe24, Gly34, Lys46,
Lys65, GIn80, Ser90, and Glu91 (data not shown). This provided
evidence of temperature-induced perturbations associated with
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FIGURE 7: Stereo images of IL-1ra [PDB entry 1ILR (9)] illustrating urea- and temperature-induced perturbations in the protein. The molecule is
oriented to show the interface between S-trefoils 1 and 2. The 3-barrel is on the top, and the hairpin cap is at the bottom; the H1 helix is on the left,
and the H2a—H?2 helices are on the right. (A) Effect of 3.5 M urea on the protein structure based on "H—'"N HSQC NMR. Unperturbed residue
positions for which resonance data are available are colored blue. Residues colored pink undergo "HN or '*N chemical shift changes exceeding 0.1
or 0.5 ppm, respectively (Figure 3A,B). Residues colored red exhibit noncooperative (nonsigmoidal) peak intensity changes with urea (Figure 4A
and Table 2). (B) Effect of temperature on the protein structure based on '"H—'"N HSQC NMR. Unperturbed residue positions for which
resonance data are available are colored blue. Residues colored pink undergo "HN or "N chemical shift changes exceeding 0.1 or 0.5 ppm,
respectively, between 25 and 45 °C (Figure 3E,F). Residues colored red exhibit significant peak intensity changes between 5 and 45 °C. Residues
colored orange undergo nonlinear 'H chemical shift variations with temperature. (C) Effect of 3 M urea on limited proteolysis by proteinase K
from real-time reversed-phase HPLC—MS analysis. The cleavage sites for which peptide data are available are colored blue. Residues colored red
identify cleavage sites more accessible in 3 M urea than under native conditions (Table 3). The N- and C-termini are indicated. The figures were

generated using PyMOL (DeLano Scientific LLC, South San Francisco, CA).

residue positions within the 1 and 4 strands, the f2—/3 and
p6—p7 hairpins, and the H2a—H2 helices (see Figure 7B and
Discussion).

Panels C—F of Figure 3 illustrate the effect of temperature on
the 'H and "N chemical shifts from the same experiment.
Nondenaturing temperatures, such as 40—42 °C, were previously
shown to induce irreversible aggregation of highly concentrated
IL-1ra (3). These observations led to a hypothesis that elevated
temperatures increased the population of partially unfolded
molecules (4). To assess differences between the effects of
cold and warm temperatures, data were purposely split into
two temperature ranges, 5—25 (cold) and 25—45 °C (warm).
Whereas both temperature variations induced comparable struc-
tural perturbations, the following residue positions deviated

significantly between these two regimes in terms of either 'H or
>N chemical shifts: Phel4, Phe24, Lys46, Leus9, Lys65, Val7l,
Lys72, Ser90, Glu91, and Glul51. In addition, we observed
substantial >N chemical shift changes at residues Ile61 and
His62, for which no cross-peaks were present at temperatures
below 20 °C (cf. Figure 3D,F). Overall, the data showed that
higher temperatures induced perturbations primarily in the 1,
p4, and B5 strands, the f2—(3 and f6—p7 hairpins, and the
H2a—H2 helices (Figure 7B and Discussion).

In addition, peaks for the following positions exhibited large
intensity variations between 5 and 45 °C: Gly38, Lys46, Ile52,
Leus9, Gly60, Ile61, His62, Gly63, Gly64, Lys65, GIn80, Asn85,
Leu89, Ser90, Arg93, Alal25, GInl130, and Asnl36. Some of
them appeared only upon heating, suggesting that they were in
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FiGure 8: (A and B) Ribbon diagrams of IL-1ra [PDB entry 1ILR (9)] illustrating the location of noncooperative perturbations in the protein
(green). Views from (A) the -barrel and (B) the hairpin cap (the molecule is oriented with the -barrel perpendicular to the plane of the page).
Residues shown as spheres indicate core residues forming the interface between the cap and the S-barrel (see Table 4) (11). The majority of
noncooperatively unfolding positions are located within trefoils 1 and 2 (see the text and Table 2). The N- and C-termini are indicated. (C and D)
Differences in the core packing interactions between (C) IL-1ra and (D) IL-15 [PDB entry 111B (12)]. Protein structures were similarly oriented
and clipped to allow focusing on the interior residues. As a result of the aliphatic—aromatic switch (see the text and Table 4), the distance between
the side chains of Ile47 and Leu31/Leu68 in IL-1ra has increased. In contrast, IL-15 exhibits well-formed interlocking interactions between Leu26,

Phed2, and Leu69. The figures were generated using PyMOL.

intermediate exchange at cold temperatures. Warming caused
them to sharpen and become visible, indicating temperature-
dependent changes in the protein structure and/or dynamics.
Most of them resided within the same structural regions, which
exhibited noncooperative perturbations with urea (Tables 2 and 3
and Figure 7A—C).

DISCUSSION

Previous reports provided little information for understanding
the role of protein structural changes in IL-1ra aggregation. One
scenario suggested that IL-1ra aggregated via partially unfolded
conformations populating in response to various stress factors,
such as elevated temperature or destabilizing additives (benzyl
alcohol, ANS, etc.) (2, 4). However, detection and characteriza-
tion of such partially denatured conformations proved to be
difficult. The commonly used approaches based on intrinsic
fluorescence and CD did not reveal any equilibrium intermedi-
ates populated to a measurable degree (/0). The use of ANS
provided no evidence of any significant changes in the exposure
of hydrophobic surfaces (7, 10), which is known to be a common
signature of the molten globule states, yet H—D exchange
experiments were consistent with a relatively dynamic protein
conformation that was sensitive to the presence of different
excipients (2). Results from this study helped to identify the
location and magnitude of structural perturbations in IL-1ra
under moderately destabilizing conditions. These previously
unknown aspects are important for understanding the conforma-
tional flexibility of IL-1Ira as a function of solution composition
and temperature.

Equilibrium Unfolding of IL-Ira. IL-1ra was seen as a
compact globular protein with an R, of ~17 A in the presence of
either 0—1 M GuHCI or 0—4 M urea (Figures 1 and 2). In
agreement with this, the "H—""N HSQC spectra exhibited similar
chemical shift dispersion and line widths within the entire
pretransition region indicative of a tightly folded protein struc-
ture (Figure S1 of the Supporting Information). The results of the
real-time proteinase K digestion experiments were consistent
with an ensemble of protease-resistant protein conformations up
to 3—5 M urea (see Results and Figure S4 of the Supporting
Information). These findings provided compelling evidence of a
largely intact protein conformation within its native baseline
region. However, high-resolution NMR and limited proteolysis
did provide evidence of some localized changes in the folded
protein. We have found that the hairpin cap of IL-lra is
particularly susceptible to structural and dynamic changes at
moderate denaturant concentrations. Also, we have identified a
large cluster of noncooperatively unfolding positions primarily
from trefoils 1 and 2 (see the detailed discussion below). This
cluster is located slightly outside of the potential disulfide bridge
between Cys70 and Cys117 (9), which was kept reduced at all
times throughout the experiments. The specific location of the
cluster made it silent to optical spectroscopy, explaining the lack
of evidence from previous fluorescence and CD measurements (2,
4, 10). In particular, the dominant Trpl7 is insensitive to such
structural perturbations since it is located outside of the per-
turbed region. On the other hand, Trp120 fluorescence cannot
serve as a useful probe as it is quenched in the folded state.
Tryptophan contributions to IL-1ra CD, including the far-UV
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region, are also known to be dominated by Trpl7 (10). Therefore,
detection of such structural changes by optical techniques was
not possible without the use of the W17A mutant.

Noncooperative structural changes under mildly denaturing
conditions were described for a number of small globular
proteins and leucine zipper peptides. Hilser et al. provided
computational evidence of the non-two-state nature of small
single-domain proteins at equilibrium (38). In particular, the
native state was seen as a statistical subensemble of conforma-
tions that exhibit local transitions. These conformations are
predominantly folded globally but may be unfolded locally at
certain residues (19). In the case of -trefoil proteins, an increase
in the conformational dynamics was generally observed, while
populating equilibrium intermediates were reported only for
hFGF-1 (13, 14). Our new results for IL-1ra contribute to this
observation by revealing another highly nativelike intermediate,
which is distinct from the native state in the absence of dena-
turant.

Among p-trefoil proteins, the most detailed equilibrium
unfolding characterization is available for IL-15 and hFGF-
1 (13, 14, 19). Equilibrium unfolding of IL-1f proceeds through
an ensemble of hyperfluorescent nativelike states, which are
populated within its native baseline region. Although these states
were found to be conformationally flexible, their backbone
dynamics were nativelike, and it was concluded that their hyper-
fluorescence stemmed from relatively subtle structural changes.
Both IL-15 and W17A IL-1ra contain structurally equivalent
Trp120, which becomes highly fluorescent prior to unfolding.
Therefore, our results for IL-1ra help us to understand protein-
specific deviations from a cooperative unfolding mechanism, as
well as the nature of protein hyperfluorescence.

We previously concluded that quenching of Trp120 in IL-1ra
results from its proximity to Cys70 and Cys117 (10). Unfolding of
the protein is concomitant with the growth of Trpl120 fluores-
cence presumably due to an increased time-averaged distance of
the tryptophan from Cys70 (/0). Because of local structural
rearrangements (or side chain reorientations), the efficiency of
quenching may decrease upon the formation of the nativelike
intermediate observed in this study. This is possible because
Trp120 is packed against the f6—p7 hairpin, which exhibits
structural and dynamic changes prior to unfolding (see Results
and Table 2). Among the two cysteine residues present in I1L-15,
Cys8 and Cys71, the latter is structurally equivalent to Cys70 in
IL-1ra. On the basis of its similar orientation and proximity to the
sole Trp120, Cys71 of IL-1 may act as a quencher of protein
fluorescence. Structural perturbations in IL-15 modulated by low
denaturant concentrations may affect native quenching interac-
tions leading to formation of the hyperfluorescent states. The
commonality of structural features of the hyperfluorescent states
of IL-1ra and IL-15 further supports this scenario. Such inter-
pretation also helps to address an apparent distinction in the
equilibrium unfolding mechanisms of IL-15 and hFGF-1.
Although the latter is not hyperfluorescent, judging from the
NMR and limited proteolysis data, it possesses a highly native-
like intermediate resembling the nativelike state of IL-1ra (/4).
Analysis of the hFGF-1 crystal structure [PDB entry 2AXM (39)]
reveals that this protein does not contain cysteines equivalent to
Cys70 in IL-1ra or Cys71 in IL-1p, although its sole Trp107 is
equivalent to Trpl20 in these two proteins. The tryptophan
quenching effect in hFGF-1 is attributed to the presence of
proximal His102 and Prol21, which may respond differently
to small-scale structural perturbations. Moreover, structural
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perturbations in hFGF-1 are predominantly located within
trefoil 3, rather than trefoil 1 or 2 (/4). Therefore, it is not
surprising that the unfolding equilibrium of hFGF-1 possesses
nativelike states manifested differently from those of IL-1ra or
IL-18. On the basis of such comparative analysis, accumulation
of highly nativelike intermediates (or native subconformations)
in the case of p-trefoil proteins may be a general phenomenon.

Localized structural perturbations in the folded ensemble also
have implications for IL-1ra kinetic unfolding measurements and
data interpretation. Previous real-time NMR experiments on
IL-1 revealed heterogeneity in its individual amino acid residue
kinetics, which suggested a rugged energy landscape for unfold-
ing (40). The urea-induced unfolding of the protein was seen as a
slow noncooperative process controlled by short-range interac-
tions. Because of the high degree of structural similarity, IL-1ra
also unfolds slowly (/0) and can be studied by real-time 2D
NMR. Our preliminary "H—">N HSQC assessment of its un-
folding kinetics (NMR experiments by R. F. Latypov, T. S.
Harvey, and D. Liu, unpublished results) showed that by the time
of the first spectral acquisition (within ~10 min of mixing the
protein with urea) a number of native resonances disappeared
while protein remained as compact and globular as in the absence
of urea (time-resolved SAXS measurements by R. F. Latypov
and D. Liu, unpublished results). In agreement with the equilib-
rium data, many of these early disappearing peaks were asso-
ciated with the same structurally flexible regions (a more detailed
analysis of the kinetic data will be presented elsewhere). Follow-
ing this initial change, the unfolding process was seen as a very
slow but cooperative transition on both global and residue-
specific levels. Such NMR results suggested the presence of the
same nativelike intermediate in the kinetic unfolding pathway of
IL-Ira.

Structural Perturbations and Protein Aggregation. Com-
parison of the chemical shift data generated in the presence of
various concentrations of urea or at different temperatures shows
that these two factors may have different effects on the protein
structure. The effect of urea appears to be largely mediated
through its binding to the protein, particularly to the hairpin cap
and surrounding regions. This is evidenced by the overall
distribution of "N chemical shifts (Figure 3B), as well as many
residues exhibiting urea binding type of 'H chemical shift
dependencies (Figure S2 of the Supporting Information).
Changes in chemical shifts may reflect changes in hydrogen
bonding, and there is a strong correlation between hydrogen
bond energies and amide proton or amide nitrogen chemical
shifts (41). The particularly large change in the "N chemical shift
of His62 with temperature (Figure 3F) likely reflects changes in
the interactions of this residue with solvent molecules. This is
supported by the analysis of two crystal structures of IL-1ra
[PDB entries 1ILR (9) and 1IRA (42)], which display water
molecules hydrogen bonded to the amide nitrogen of His62.

Despite some disparity between the urea and temperature
data, our results are suggestive of similar structural transitions in
both cases. For example, the noncooperative perturbations
induced by urea involved residues accessing alternative confor-
mations via temperature (cf. red in Figure 7A and orange in
Figure 7B). The same regions gained accessibility for the protease
cleavage in 3 M urea (Table 3) or contained residues exhibiting
large peak intensity variations between cold and warm tempera-
tures (cf. red in Figure 7B and red in Figure 7C). Notably, they
also harbored two solvent inaccessible cysteines, Cys67 and
Cys70, which gained reactivity only at elevated temperatures or
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Table 4: Structurally Equivalent Core Residues of IL-1ra and IL-1p That Form Interlocking Interactions between the -Barrel and the Hairpin Cap“

protein bottom layer of the 8-barrel® upper layer of the hairpin cap® lower layer of the hairpin cap
IL-1ra 1o AT[L_59) . 101p_112E_ 147 24 68] 122 319132y
IL-18 10 __42R__60 __101p__112p__146p 18] __69p __122] 26p 807 __132y

“Based on ref /1 and crystal structures from refs 9 and /2. “The side chains from the -barrel pointing toward the hairpin cap (i.e., the anchoring residues)
are shown in bold (see the text). “IL-1ra residues that undergo the aliphatic—aromatic switch between the -barrel and the hairpin cap are shown in italic (see

the text).

in the presence of benzyl alcohol (4). These findings showed that
noncooperative perturbations occurred within regions of loca-
lized conformational flexibility and could potentially play a role
in protein aggregation. For example, Lys94 was previously
identified as a key residue involved in IL-1ra aggregation induced
by elevated temperatures (3). It is a solvent-exposed residue
located at the N-terminus of the H2 helix, in a chain segment
adjacent to the f6—f7 hairpin. Also, aggregation of IL-1ra was
accelerated in the presence of ANS (4), which targeted the
H2a—H2 helical region including residues 90—97 (7). Thus, there
is substantial experimental evidence linking less stable structural
regions to the regions that control protein aggregation.

One of them is the H2a—H?2 helical region, which does not
belong to the symmetric S-trefoil framework and is packed
against it. Residues that are directly or indirectly involved in its
packing are: Met11, Aspd8, Val50, Phe38, Leus9, Gly63, Gly64,
Cys67, Leu68, Ser69, Cys70, Glu82, Val84, Asn85, 11e86, Leu89,
Ser90, Arg93, Asp96, Lys97, Arg98, Phe99, Alal00, PhelO1,
Alall5, and Alal16. This list contains 12 of 20 residues listed in
Table 2 (indicated here in bold), with three more residues for
which no NMR data are available (Arg98, Phe99, and Alal16).
Combined with the limited proteolysis data, which showed loss of
protection at His62-Gly63, Val84-Asn85, Thr87-Asp88, Argl03-
Ser104, and Alal15-Alal16 segments (Table 3), and colocaliza-
tion of the temperature-induced changes, there is little doubt that
most of the structural perturbations were associated with the
packing of the H2a and H2 helices. In addition, data suggested
propagation of structural changes into the core of the protein,
particularly with respect to the 52—[3 hairpin and the 51 and
p4 strands. To address this phenomenon, we compared details of
packing interactions in IL-1ra and IL-15.

IL-1ra and IL-1p are structurally similar (8, 9); however, IL-15
does not exhibit well-defined localized perturbations (/9). One
key aspect that appears to be responsible for this difference is the
absence of the H2a—H2 helices in IL-15 [PDB entry 111B (12)].
Another important difference lies in their core regions and
involves hydrophobic packing interactions between the -barrel
and the cap. The role of these interactions in determining the
cooperativity of the f-trefoil structure was previously evaluated
in the case of IL-15 (43).

Within the fS-trefoil structure, the interior side chains of the
barrel are packed in regular arrays forming three layers: top,
middle, and bottom (each containing six residues) (1 /). Three side
chains from the bottom layer point toward the hairpin cap with
which they make contact. The packing of side chains in the cap
was also described in terms of layers: upper and lower (each
containing three residues) (/7). The upper layer side chains of the
cap pack against the three bottom layer side chains from the
barrel. In IL-14, the side chains of Phe42, Phel01, and Phel46
point toward the cap and interlock with its aliphatic residues
Leul8, Leu69, and Ile122 (see Table 4). In IL-1ra, structurally
equivalent residues Ile47, PhelOl, and Phel47 pack against
Phe24, Leu68, and Leul22 from the cap (Table 4). Although

generally similar, these packing interactions differ between
IL-1ra and IL-18 in the vicinity of Ile47 and Phe42, respectively
(cf. Figure 8C,D). The hydrophobic core of IL-1f is stabilized by
a symmetric array of large and bulky phenylalanine side chains
from the barrel packing against the aliphatic side chains of the
cap. The same is true for IL-1ra except for the replacement of one
of its anchoring phenylalanines with an isoleucine at position 47
(Table 4). As shown in Figure 8C, the consequence of this
replacement is the lack of packing interactions between Ile47
and the cap (Leu3l and Leu68). We note another symmetry
break within the upper layer of the cap: in contrast to IL-1/, with
its fully aliphatic cap layers, IL-1ra contains Phe24 in place of a
leucine. Although large and bulky, its side chain packs only
against Leu31 and Ile47 while leaving a cavity between Ile47 and
Leu68. The existence of this cavity may translate into a decrease
in the level of mutual stabilization of trefoils 1 and 2 in IL-1ra.
This aliphatic—aromatic switch between the bottom layer of the
barrel and the upper layer of the cap (see Table 4) may be
responsible for propagation of structural perturbations from the
H2a—H2 helical region toward trefoil 1.

The existence of core packing defects in S-trefoil proteins is not
uncommon (44), and some information about their role in
protein stability and folding is available (45, 46). Trefoils in
p-trefoil proteins may exhibit domain motions even though they
are symmetrically related regions that cannot be readily identified
as separate domains. As a result, some regions of the S-trefoil
structure may appear as relatively flexible separate subdo-
mains (44). As follows from panels A and B of Figure 8, the
cavity that is formed by Leu31, Ile47, and Leu68 is located at the
center of the noncooperative cluster formed by the residues from
Table 2. Although no direct evidence is currently available, we
hypothesize that cooperativity of the IL-Ira structure depends on
the quality of side chain packing interactions (47) and could be
lost via a combination of factors. One is the intrinsic instability
around the H2a and H2 helices, which makes this region
structurally flexible; another is the presence of the aforemen-
tioned cavity in relative proximity to the helical region. Elevated
temperatures that destabilize the H2a—H?2 segment may weaken
coupling between trefoils 1 and 2 and exacerbate the effect of the
cavity. This may increase intertrefoil motions and lead to partial
denaturation (presumably via unzipping of the 4 and 55 strands,
and separation of the 52—f3 and 6—p7 hairpins), which would
expose core regions of IL-1ra driving its aggregation process.

In contrast to FGF-1 (44), the biological relevance of non-
cooperative changes in IL-1ra is currently unknown as they do
not reflect the receptor binding functionality of the protein (42).
Nevertheless, there is good agreement between the urea-depen-
dent and temperature-induced changes associated with the
H2a—H2 helical region and surrounding areas. We also note
that the H2a—H?2 helical region contains the loop of residues
85—99 previously implicated in the asymmetric association of IL-
Ira in solution (3) and crystal dimer formation (9). Thus, there is
sufficient evidence to date of the involvement of specific parts of
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the protein in modulating its solution behavior and aggregation.
The effect of anions in weakening IL-Ira aggregation was
mediated through their binding to the H2 helical region (3). It
is possible that self-association of IL-1ra represents a way of
protein stabilization driven by interactions involving the same
helical regions. Indeed, highly concentrated IL-1ra was shown to
existin a monomer—dimer equilibrium controlled by interactions
consistent with those found in the crystal dimer (3, 6).

Denaturant Dependence of Unfolded Conformations. It
has been suggested that milder conditions favor more compact
protein-denatured states (48), and the unfolded ensemble was
recognized as being critical in defining protein folding kinetics
and thermodynamics (29). Experimental data suggested that
unfolded proteins may contain residual structures stabilized by
either hydrophobic (49—352) or electrostatic interactions (33, 54).
However, experimental confirmation of this behavior has often
come from FRET-based studies (55, 56) and not from SAXS
(30, 57). Therefore, our comparative analysis of the SAXS data
for the urea- and GuHCl-denatured IL-1ra provides valuable
information. The R, of the unfolded protein increases gradually
over a wide range of GuHClI concentrations (Figures 1C and 2A).
The post-transition region linearly extrapolates to zero denatur-
ant and gives an Ry value ~15% smaller (35.4 £ 0.6 A) than that
measured under strongly denaturing conditions (~41 A). Also,
the R, values of the urea- and GuHCl-denatured molecules differ
at lower denaturant concentrations (Figure 2A), suggesting the
possibility of an incomplete destabilization of intramolecular
interactions within the unfolded state ensemble. Although it is
generally accepted that SAXS measurements do not provide
evidence of any appreciable chain expansion beyond the unfold-
ing transition region (30, 57), our data and results from a recent
study on the urea-denatured dihydrofolate reductase (33) clearly
deviate from this rule.
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SUPPORTING INFORMATION AVAILABLE

"H—""N HSQC spectra of IL-1ra in the absence and presence
of urea (Figure S1), representative 'H chemical shift variations of
the native amide resonances as a function of urea concentration
(Figure S2), "H— "N HSQC spectral regions demonstrating the dis-
appearance of the native amide peaks of Cys67 and Glu82 with an
increase in urea concentration (Figure S3), reversed-phase HPLC
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separation of IL-1ra peptides generated by proteinase K (Figure
S4), and a summary of peptide identification based on mole-
cular mass and MS/MS fragmentation data (Table S1). This
material is available free of charge via the Internet at http://pubs.
acs.org.
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