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ABSTRACT: Highly concentrated human recombinant interleukin-1 receptor antagonist (IL-1ra) aggregates
at elevated temperature without perturbation in its secondary structure. The protein aggregation can be
suppressed depending on the buffer ionic strength and the type of anion present in the sample solution.
Phosphate is an approximately 4-fold weaker suppressant than either citrate or pyrophosphate on the
basis of the measured protein aggregation rates. This is in agreement with the strength of protein
interactions at the IL-1ra single anion-binding site as judged by the estimated dissociation constant values
of 2.9 mM, 3.8 mM, and 13.7 mM for pyrophosphate, citrate, and phosphate, respectively. The strength
of binding also correlates with the anion size and with the number of ionized groups available per molecule
at a given pH. Affinity probing of IL-1ra with methyl acetyl phosphate (MAP) in combination with
proteolytic digestion and mass spectral analysis show that an anion-binding site location on the IL-1ra
surface is contributed by lysine-93 and lysine-96 of the loop@8las well as by lysine-6 of the unstructured
N-terminal region 7. The replacement of lysine-93 with alanine by site-directed mutagenesis results in
dramatically suppressed IL-1ra aggregation. Furthermore, when the unstructured N-terminal region of
IL-1ra is removed by limited proteolysis, a 2-fold increase in the time course of the aggregation lag phase
is observed for the truncated protein. An anion-controlled mechanism of IL-1ra aggregation is proposed
by which the anion competition for the protein cationic site prevents formation of intermolecular-eation
interactions and, thus, interferes with the protein asymmetric self-association pathway.

The detailed understanding of protein aggregation is an anisms, pathways of protein aggregation, and, more specif-
essential task not only from a fundamental prospective butically, the influence of ions or electrostatic proteiion
also when considering the role that aggregated species, sucinteractions on the protein aggregation proceksslfl) are
as amyloid plaques and Lewy bodies, play in certain diseasespoorly understood.

Consequently, it can provide guidance to develop the Herein we describe the effect of a series of anions on
corresponding therapeutic strategiés (t has been previ-  aggregation of the interleukin-1 receptor antagonist (IL*1ra)
ously observed that proteins with predominghstrand at elevated temperature and attribute it primarily to anion
secondary structure are generally prone to aggregation. Forcharge properties at a given pH. We also obtain evidence
example, the fibroblast growth factor (FGF) family of for the contribution of the single protein anion-binding site
proteins such as acidic and basic fibroblast growth factors as a modulator of the IL-1ra aggregation process and attempt
as well as keratinocyte growth factor (KGF) share the same to map the location of this site by using a dual-mode affinity
pB-barrel structural fold and are known to aggregate at probe, methyl acetyl phosphate (MAP).

elevated temperature-5). Moreover, botho-synuclein Human interleukin-1 receptor antagonist is a 17-kDa
and myoglobin can adopt non-natiy&sheet secondary member of the IL-1/FGF family of proteins and a naturally
structure and, consequently, promote self-aggregation intooccurring IL-1 blocker that plays an important regulatory
a fibrillar species §—8). Earlier theoretical model studies role in inflammation and functioning of the adaptive immune
suggested that the aggregation kinetic process could besystem {5). The 3-trefoil topology (16) is a characteristic
essentially separated into a thermodynamically unfavorable structural feature of IL-1ra and its family. In the case of IL-
nucleation phase followed by a growth phase with a 1ra, it consists of twelve antiparallgistrands, six of which
corresponding decrease in the free energy of the syS8em ( are arranged in the form of/abarrel end-closed by another
10). In certain cases, the aggregation has been linked tosix j-strands {7—19).

protein structural rearrangements and can be influenced by

a variety of factors such as protein concentration, hydro- MATERIALS AND METHODS

phobicity, ionic strength, temperature, and the presence of Purified recombinant human interleukin-1 receptor an-
metals and multi-ions1(1—14). Still, the molecular mech-  tagonist (IL-1ra) was supplied by Amgen manufacturing
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facility. Endoproteinase Lys-C (sequencing grade) was contained 70 mM NaCl. The 0.6-mL aliquot of each sample

purchased from Roche Diagnostics (Indianapolis, IN). All
other chemicals were of the highest grade available.
Aggregation Assayl-1ra aggregation in phosphate buffer
and citrate buffer was conducted as follows. Usually, 10 mL
of IL-1ra stock solution (208220 mg/mL protein in 10 mM
sodium citrate, 140 mM NaCl, 0.5 mM EDTA, pH 6.5 (CSE
buffer)) was dialyzed overnight at€ against either % 2
L of 10 mM sodium phosphate, 140 mM NaCl, 0.5 mM
EDTA, pH 6.5 (PSE buffer) or % 2 L of CSE. The dialyzed
solution was filtered through a O filter, and the protein
concentration was adjusted to 20040 mg/mL by diluting
with the appropriate buffer. The protein concentration was

solution was placed in a corresponding Microsep-10 ultra-
filtration spin unit (Pall Life Sciences, Ann Arbor, MI) and
was centrifuged at 18C for 35 min at 4000 to achieve an
equal distribution of volume (% 0.3 mL) between retentate
and filtrate. To determine citrate concentration using its
absorbance at 215 nm, 20 of filtrate or retentate was
loaded onto a reverse-phase HPLC column (Supelcosil LC-
18 column, 15 cnx 4.6 mm, Sigma-Aldrich). The flow rate
was 1 mL/min with 0.1 M phosphoric acid as a mobile phase.
Isocratic elution was carried out at room temperature, and
the eluent absorbance was monitored at 215 nm. The
concentration of citrate in the sample being assayed (i.e.,

estimated by its absorbance at 279 nm using an Agilent 8453retentate or filtrate) was calculated on the basis of a
spectrophotometer and the extinction coefficient of 13392 calibration curve of 810 mM citrate standard solutions, pH

M~1cm™L The latter was derived on the basis of the protein

6.5. The amount of bound citrate was calculated on the basis

absorbance at 279 nm and the corresponding proteinof the difference between its retentate and filtrate values.
concentration determined using a Beckman 6300 amino acid Competition experiments were conducted in a similar
analyzer. Aggregation of IL-1ra in each buffer was measured fashion as above, except they were done in the presence of

using a 96-well glass plate (Alltech, Deerfield, IL) and a

10 mM citrate, 70 mM NacCl, pH 6.5 and increased-dD

temperature-controlled plate reading spectrophotometer, SpecmM) concentrations of phosphate or pyrophosphate, pH 6.5.

traMax Plus (Molecular Devices, Sunnyvale, CA). The
sample volume per well was 186L. The plates were
incubated in the spectrophotometer at’@) and the optical

The dissociation constants for competitive binding were
calculated according to Stinson and Holbro&Q)( The
apparent dissociation constant for citrate binding to IL-1ra

density was measured at 405 nm with 1-min intervals and awas estimated in the presence of increased concentrations
3-s automated shaking step between readings. To estimate®f competitive anion and then plotted against the corre-
corresponding amounts of the aggregated protein, the experisponding values of free (unbound) competitive anion. The
ment was set up as described above; samples were withdrawtatter was calculated from the total concentration of competi-

at different time points of incubation (4C) and immediately

placed in 1.5-mL centrifuge tubes on ice. For each sample,

tive anion minus the relative decreageP() in the concen-
tration of bound ligand (citrate) as the total concentration of

the aggregated material was collected in a 1.5-mL tube by competitive anion is increased, i.¥(f) = X(t) — APL. The

centrifugation (13008, 30 min) at 10°C using a Beckman
Coulter Microfuge 22R centrifuge, the pellet was washed
with 0.2 mL of cold deionized water, centrifuged (13@00
30 min), and redissolved in 180 of freshly prepared 30
mM sodium phosphate buffer, pH 7.0, contami® M urea

plot data were linear fitted, anidy values for competitive
anion binding were calculated from the resulting linear curve
as equal to thg-axis intercept value of the curve divided
by its slope value.

Derivatization of IL-1ra with Methyl Acetyl Phosphate.

(room temperature), and the protein concentration was Methyl acetyl phosphate (MAP) was prepared as described

measured by its absorbance at 279 nm in the same bufferby Kluger and Tsui 21). The identity of the product was
The rate of aggregation was determined as the slope ofconfirmed by NMR and mass spectrometry. IL-1ra was

the linear growth region of the saturation curve and defined reacted with MAP in the presence of citrate, phosphate, or

asAOD per hour per mole of protein. The rate of aggregation
of IL-1ra was also determined in different buffer composi-
tions with increasing ionic strength. Aliquots of the dialyzed
IL-1ra solution (in 10 mM phosphate buffer, pH 6.5,
containing 80 mM NaCl) were brought to various concentra-
tions of citrate, phosphate, or pyrophosphate using-0.45

pyrophosphate as follows. For the derivatization in the
presence of citrate, 20L of MAP (10 mM stock in water)
and 20uL of IL-1ra (1 mM stock in CSE) were added to
160 uL of 10 mM buffer, pH 6.5 in an HPLC vial. The
reaction mixture was incubated at 32, and 254L aliquots
were automatically withdrawn for analysis within the first

0.5 M citrate, phosphate, or pyrophosphate stock solutions5.5 h of incubation. Each aliquot was analyzed using an

(all pH 6.5) and an appropriate volume of 80 mM NaCl to
result in a final concentration of IL-1ra in each sample of
140 mg/mL. The relative concentration of added citrate,

Agilent 110 HPLC system equipped with a Jupiter 64
300 A reverse-phase HPLC column (4% 250 mm,
Phenomenex, Torrance, CA), an on-line UV detector, and a

phosphate, or pyrophosphate in each sample ranged from temperature-controlled 100-well sample tray set at'G7

to 200 mM. Aggregation of IL-1ra in each sample was
monitored fa 4 h at 39°C by measuring the optical density
at 405 nm as described above.

Citrate Binding and Competition Assayghe number of
citrate ion binding sites and the dissociation const&npj (
value for citrate binding to IL-1ra were estimated as follows.
Solutions of 1 mL of 1 mM IL-1ra were prepared in buffers
having various concentrations of citrate, pH 6.5 by diluting
IL-1ra stock (220 mg/mL in CSE) in appropriate buffers.
Specifically, 1-mL volumes of 1 mM solutions of IL-1ra in

The flow rate was set at 1 mL/min, and the column was
maintained at a temperature of 8C. The column was
preequilibrated for 15 min (flow rate 1 mL/min) with 65%
buffer A (0.1% trifluoroacetic acid (TFA) in water) and 35%
buffer B (90% acetonitrile, 0.1% TFA in water). After
loading, the analytes were eluted using a gradient ramping
from 35% to 50% buffer B over 25 min. The same protocol
was applied for reactions of MAP with IL-1ra in the presence
of phosphate and pyrophosphate. The reaction products
separated by reverse-phase HPLC were further analyzed in

0—20 mM citrate, pH 6.5 were prepared. Each solution also order to determine the reactive sites, as follows. The
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separated peak fractions were collected and concentrated on

a SpeedVac vacuum concentrator to1® uL final volume,
and then 9QuL of digest buffer (50 mM Tris HCI, 0.8 M
guanidinium-HCI, pH 8.0) was added to each sample
followed by 10uL of endoproteinase Lys-C (dg in 10uL

of digest buffer). Samples were incubated af@7#or 16 h,
and the resulting peptides were analyzed by-IMIS/MS
using an Agilent 1100 HPLC system equipped with an on-

line MS detector (Deca ion trap mass spectrometer, Finnigan,g

San Jose, CA). The column used was a Jupite€%8 100
A reverse-phase HPLC column §150 mm, Phenomenex,
Torrance, CA). The flow rate was set at 0.2 mL/min, and
the column was maintained at a temperature ofG0The
column was preequilibrated for 22 min with 98% buffer A
(0.1% TFA in water) and 2% buffer B (90% acetonitrile,
0.1% TFA in water). After loading, analytes were eluted from
the column using a gradient ramping from 2% to 45% buffer
B over 50 min. Ten percent of the eluent from the HPLC
column was diverted for the on-line MS analysis.
N-Terminal Truncation by Limited Proteolysi®ne mil-
liliter of 1 mM protein solution in CSE buffer (10 mM citrate,
140 mM NacCl, 0.5 mM EDTA, pH 6.5) was mixed with 8
uL of a 25ug/mL solution of endoproteinase Lys-C in CSE
buffer. The reaction mixture was incubated for 48 h at 37
°C; the resulting two reaction products, i.e., truncated protein

and peptide, were isolated using reverse-phase HPLC condi-

tions as described for Lys-C digests in the previous section
and subjected to identification by N-terminal sequence and

mass spectral analyses. For aggregation kinetic studies, the,

reaction solution (after 48 h incubation at 3T) was
dialyzed overnight at 4C against CSE or PSE buffers and
subjected to an aggregation assay at@2

Site-Directed Mutagenesisihe IL-1ra Lys-93— Ala
(K93A) mutation required a triple-base substitution (AAA
— GCT) in wild-type protein polynucleotide encoding
sequence inserted into pAMG21 vector (ATCC No. 98113)
atNdd andHindlll sites (referred to as pAMG21-WT) and
was performed on pAMG21-WT according to a PCR-based
method described by Horton et a22)j. The resulting PCR
amplification product containing IL-1ra encoding sequence
and targeted nucleotide substitution was digested WaHd
andHindlll enzymes and ligated into pAMG21 vector precut
with the same pair of restriction enzymes to generate a
plasmid referred to as pAMG21-K93A. The plasmid was
transformed intdescherichia colistrain 2596 as an expres-
sion host; the transformed cells were grown at@4n Luria
broth (LB) media to an optical density (Q§) of 1.0 and
then stored at—80 °C in 1-mL aliquots in LB media
containing 17% glycerol. The presence of K93A mutation
was verified by pAMG21-K93A plasmid DNA sequence
analysis.

Protein Expression and PurificatiorBriefly, K93A IL-

1ra was expressed and isolated as follows. Cells were grown

at 37°C in 10.5 L of LB media until an OBy ~ 9.5, and
then protein expression was induced by addition of 10 mL
of 0.5 mg/mL N-(3-oxohexanoyl) homoserine lactone fol-
lowed by anothe6 h of cell growth. Cells were harvested
by centrifugation, resuspended in 300 mL of cold buffer A
(25 mM sodium acetate, pH 5.2, 100 mM NaCl, 1 mM
EDTA), and disrupted by sonication. After sonication, the
free-cell extract was cleared by centrifugation and loaded
onto a Pharmacia SP Sepharose column (2.5 xnB81cm)
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Ficure 1. Kinetics of thermally induced aggregation of 107 mg/
mL IL-1ra measured at 405 nm and 4G in 10 mM phosphate
(open circles) or 10 mM citrate (filled circles) buffers, pH 6.5,
containing 140 mM NaCl and 0.5 mM EDTA. Inset shows a
quantitative estimate of the aggregated protein obtained under the
above conditions and during incubation at 4D (see Materials
and Methods for details). Open and filled circles indicate samples
containing phosphate and citrate buffers, respectively.

preequilibrated with buffer A. After the column was washed
with 2 column volumes of buffer A, the elution was
conducted with a 0:40.28 M linear gradient of NaCl
followed by 3.5 column volumes of buffer B (25 mM sodium
acetate, pH 5.2, 280 mM NaCl, 1 mM EDTA). Protein peak
ractions were pooled, concentrated to about a 40-mL volume
using Ultracell YM10 stirred cell (Millipore, Bedford, MA),
dialyzed against buffer C (10 mM histidine, pH 6.0, 50 mM
NaCl, 0.1 mM EDTA), and centrifuged (10000 rpm, 30 min).
The resulting supernatant was loaded onto a Pharmacia Q
Sepharose column (256 6 cm) preequilibrated with buffer
C. After the column was washed with 2 column volumes of
buffer C, the protein elution was conducted with a-0012

M linear gradient of NaCl. The K93A IL-1ra eluted fractions
were pooled, sequentially concentrated with an Amicon
Ultracell YM10 stirred cell and Centricon YM10 unit
(Millipore) to nearly 100 mg/mL protein concentration,
dialyzed overnight at 4C against CSE or PSE buffer, and
stored at 4°C prior to further use.

Circular Dichroism. Circular dichroism measurements
were performed on an Aviv spectropolarimeter, model 202-
01 DS (Aviv Biomedical, Lakewood, NJ). Temperature
denaturation experiments were performed in-50 mM
sodium phosphate buffer, pH 7 anet0.5 M final concen-
tration of NaCl. Protein concentration was varied from 5 to
50 uM (0.09 to 0.9 mg/mL, respectively). The temperature
range was from 20C to 85 °C. Sample solutions were
equilibrated for 30 s at every given temperature, wittClL
step. CD signal was averaged for 30 s. A2nm bandwidth
and 0.2-1 cm path cuvette were typically used.

RESULTS

Anion Dependence of IL-1ra Aggregatidrne aggregation
of the highly concentrated IL-1ra was monitored at-3®
°C by the absorbancel/light scattering technique described
in Materials and Methods, and a typical kinetic profile is
shown in Figure 1. Three major phases were observed during
this process, i.e., prolonged 40-min lag phase sequentially
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FIGURE 2: Anion dependence of IL-1ra aggregation rates measured
at pH 6.5 and 39C in the presence of 80 mM NaCl and increased B o.s
concentrations of phosphate (filled circles), citrate (filled squares),

and pyrophosphate (open triangles). Protein concentration is 140 4, 1
mg/mL. Aggregation rate is defined &€ D,os per hour per mole
of protein.

Total citrate (mM)

0.25

followed by phases of linear growth and then saturation e 0207
(plateau). As seen in Figure 1, there was a striking dif“ference%I
between aggregation growth and saturation phases of IL- ~ *"
1ra sample solutions containing either phosphate or citrate
buffers. The aggregation kinetics measured by an increase
in optical density directly reflected the accumulation of the 0.05 1
aggregated protein (Figure 1, inset). The endpoint fraction

of the aggregated protein (plateau level) corresponded to  o.00 : : : : ;
about 0.2% and 0.4% of the initial, soluble protein in samples 0.0 0.2 0.4 0.6 0.8 1.0
containing citrate and phosphate buffers, respectively. More- o

over, the p'ate‘f"“ Iev.el correlated with the S_Iope of the Ii_near Ficure 3: Citrate-IL-1ra binding data analysis. (A) Estimated
growth phase, i.e., with the rate of aggregation. It was evident amounts of bound citrate are plotted against correspondingly
that, under the same experimental and sample conditionsincreased concentrations of total citrate present in the protein sample
(buffer composition, pH, protein concentration, etc.) with solution (filled circles). The data are fitted into one binding site
exception for phosphate anion being substituted with citrate saturation curve. Control data plot is shown in open circles. Inset

. - shows citrate standard calibration curve. (B) Scatchard plot derived
anion, the latter had an about 50% greater ability t0 SUPPresSym the citrate binding data. Theaxis ir(mgrcept indicart)tes one

aggregation of IL-1ra. In the next step, the observed pinding site whereas theaxis intercept provides ak value of
aggregation rates were measured at@asing the buffered  0.26.

protein solution, pH 6.5 containing additional, various
concentrations of either citrate, phosphate, or pyrophosphateexperiment demonstrated that, in the absence of IL-1ra, no
(see Materials and Methods for details). The choice of citrate binding was observed under our experimental condi-
pyrophosphate was driven by its similarity with citrate as tions (Figure 3A). The results of experiments in the presence
will be discussed below. The citrate and pyrophosphate hadof IL-1ra and various citrate concentrations revealed a typical
a similar effect, generating a sharp decline in the protein saturation curve characteristic of ligand binding (Figure 3A).
aggregation rate within the-®20 mM concentration range, These data were used to build a Scatchard plot resulting in
and, in both cases, the aggregation was close to a zeroestimated one citrate binding site and a dissociation constant
background level after the anion concentration reached 40(K<™) of 3.8 mM (Figure 3B). Next, in order to obtain
mM (Figure 2). In contrast, the phosphate anion displayed abinding constants for phosphate and pyrophosphate, we
weaker suppressive nature. At 40 mM concentration, the conducted competition studies as described in Materials and
observed aggregation rate was only 40% reduced versus 98 Methods. The dissociation constants were measured similarly
99% reduced in the case of citrate or pyrophosphate. Overall,to above, but in the presence of a constant amount of citrate
arourd a 4 times higher phosphate concentration (120 mM) containing various concentrations of competitive anion. The
was required to achieve an adequate suppressive effectesulting apparer{ " values for citrate were plotted against
(Figure 2). The above results prompted us to hypothesizethe corresponding amounts of unbound (free) competitor
that the anion-dependent control of IL-1ra aggregation could (X(f)). Both phosphate and pyrophosphate competed with
be due to the protein anion interactions at the specific IL- citrate for the same IL-1ra binding site as judged by an
1ra site. increase in the appareiit™ values (Figure 4). The estimated
To test this idea, the citrate binding to IL-1ra was assayed Ky values for phosphate and pyrophosphate were 13.7 mM
as described under Materials and Methods. The system wasand 2.9 mM, respectively. The competition data suggested
calibrated with various citrate standards, and the control that the phosphate anion had around 4-fold weaker affinity

0.10
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for the IL-1ra binding site than either citrate or pyrophos- o N I
phate. The results of anion-dependent aggregation and anion Nmee e
binding experiments were in good agreement and indicated  ° ;¢ s " e I’ s

that the anion dependence of IL-1ra aggregation rates could

be due to the difference in the strength of proteamion

interactions at the IL-1ra single, positively charged site. =~ FIGURE 5: Reverse-phase HPLC analysis of IL-1ra modification
Probing of the IL-1ra Anion Binding Site with Methyl with MAP at 37°C and pH 6.5(A) Time course of reaction as

. monitored by HPLC during 4.5 h incubation of IL-1ra with 10-
Acetyl PhosphateSince the above data suggested the fold excess of MAP. The structure drawing of MAP is shown in

existence of a single, positively charged site on IL-1ra in the inset. (B) Comparative HPLC profiles obtained at 5.5 h time
connection with the protein aggregation process, we at- point of MAP reaction in the presence of phosphate (curve 1), citrate
tempted to locate this site using methyl acetyl phosphate (curve 2), and pyrophosphate (curve 3). Inset shows protein MAP-
(MAP). MAP is a small dual-mode (anionic and reactive) derived modification sites identified in the four major peaks-P1
affinity probe (Figure 5A, inset) that has been previously

employed to acetylate nucleophilic amino groups within

protein anion binding site28—25). The reaction of IL-1ra ~ modification sites associated with the appearance of the four
with MAP in 10 mM citrate buffer, pH 6.5 was monitored weakly resolved peaks designated as P1, P2, P3, and P4
by reverse-phase HPLC during a 5.5 h incubation at@7  (Figure 5B). After a 5.5 h reaction with MAP in 10 mM
as described under Materials and Methods and resulted incitrate buffer, pH 6.5, the reaction products were separated
the shift of the main peak along with the simultaneous on the reverse-phase C18 HPLC column, the peak-associated
appearance of another three major peaks (Figure 5A). Thisfractions were collected and digested with endoproteinase
was suggestive of protein being modified at least at four Lys-C, and the resulting digests were subjected to mass
different reactive sites during its incubation with MAP. In spectral analysis (see Materials and Methods for details).
order to see if this was an anion dependent reaction, i.e.,Each reactive site was determined by the presence of an
both anion and anionic probe can act as competitors for theadditional acetyl group on a peptide that, in turn, was judged
above-mentioned reactive site(s), the experiment was re-by an increase of 42nw/z on the MS profile relative to
peated and data were analyzed using the same conditionsinmodified peptide present in the control digest (data not
with the exception of citrate being replaced with either shown). A total of four different modification site residues
phosphate or pyrophosphate. The chromatography datawere identified as NT (N-terminal), K6, K93, and K96
comparison revealed similar peak profiles indicating on the (Figure 5B). It should be noted that, due to the low peak
same reactive sites involved in the presence of different resolution, a certain overlap in modification sites was
anions (Figure 5B). On the other hand, there was a visible observed in adjacent peak fractions, however, it did not
anionic effect on the extent of MAP reaction with IL-1ra, interfere with the overall quality of the mass spectral data.
i.e., the largest extent of modification was observed in the The recombinant IL-1ra used in this study contained an extra
presence of phosphate followed by citrate and pyrophosphatemethionine at its N-termini, which was one of the four MAP-
suggesting that phosphate and pyrophosphate were the leastactive sites. The other three reactive residues (K6, K93,
and the most competitive anions for the MAP-reactive sites and K96) were assigned according to the original sequence
of IL-1ra, respectively. Interestingly, when the same experi- of IL-1ra, where the extra methionine-1 was omitted for
ment was conducted at the slightly higher pH 6.7, the clarity. The fact that, out of all four, three sites belonged to
pyrophosphate became less competitive as its MAP reactionlysine residues (protein has total of nine lysines) that
profile shifted to resemble that of the citrate (data not shown). displayed an anion-dependent reactive pattern suggested K6,
In the next step, we attempted to identify the IL-1ra K93, and K96 contribution to the IL-1ra positively charged

Retention time, min
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surface cluster(s). According to the previous IL-1ra structural
studies, the protein twelye-strands are connected by eleven
loops. K93 and K96 plus another two charged residues, R92
and R97, are located on the large loop-®88, containing a
short 3¢ helical region 17—19). Remarkably, the electro-
static surface calculations of IL-1ra performed earlier by
Oldfield and co-workers26) suggested the existence of the
positively charged cluster as a sum contribution from the
above loop 8498 and the unstructured N-terminal region
which, in this case, would include K6.

Effect of Mutagenesis of Lysine-93 and N-Terminal
Truncation on IL-1ra Aggregation Propertie$he likely
involvement of the positively charged cluster in anion-
dependent protein aggregation led us to investigate specif- 0:00:00 1:00:00 2:00:00 3:00:00
ically the contribution of the K93 residue (see also Discussion
on the role of K93) and the unstructured N-terminal region B
of IL-1ra. 20

First, lysine-93 was changed to alanine by PCR-based
mutagenesis as described in Materials and Methods. The
choice of alanine residue was driven by the fact it was earlier
reported as a “neutral” mutation that had no effect on IL-
1ra functional propertie2{). The recombinant K93A IL-
1lra was expressed . coli, purified to yield about 4 mg/g
cell paste, and was about 98% pure as judged by-SDS
PAGE analysis. The mutated protein displayed properties
of the wild-type IL-1ra based on the SBPAGE, size-
exclusion chromatography, circular dichroism, and functional
(IL-1 receptor binding and cell-based) analyses (data not
shown). However, contrary to the wild-type IL-1ra, the
thermally induced aggregation of mutated protein was
dramatically suppressed. No aggregation was observed for Time (h:mm:ss)

K93A IL-1ra whereas, under the same conditions, wild-type Ficure 6: Comparative aggregation kinetics of structurally modi-
protein aggregated within the fir& h of incubation (Figure  fied IL-1ra. The buffer is 10 mM phosphate, pH 6.5, containing
6A). The data revealed an important role for lysine-93 of 140 mM NaCl and 0.5 mM EDTA. (A) Mutated (K93A) versus

; _ ; _ wild type (WT) protein at 100 mg/mL protein concentratidn=
the loop 84-98 in IL-1ra aggregation at elevated tempera 40 °C. (B) Truncated (TT-WT) versus wild type (WT) protein at

ture. _ _ o 107 mg/mL protein concentratiofl. = 42 °C.
Second, the protein was N-terminally truncated by limited

proteolysis with endoproteinase Lys-C as described in IL-1ra thermally induced aggregation than the K93-contain-
Materials and Methods. The digestion was followed by ing loop 84-98.
reverse-phase HPLC analysis that showed a retention time Effect of Temperature on IL-1ra Na& Structure.Since
shift for the main protein peak with the simultaneous the aggregation of IL-1ra induced by elevated temperature
appearance of the earlier eluted new peak. The nearly(39°C—42°C) could be a result of the thermal perturbation
complete conversion of the protein native peak into the aboveof the protein native structure, we performed a thermal
two peaks was observed after 48 h proteolysis &@3Both denaturation study combined with circular dichroism (CD)
peaks were isolated and identified. The new peak was spectral analysis. Thermal denaturation of IL-1ra (0.09 mg/
identified by mass spectrometry and belonged to a protein mL) was conducted in 50 mM sodium phosphate buffer, pH
N-terminal peptide (MIRPSGRK, whereas the second 7 containing 6-0.5 M NaCl. Addition of NaCl in the sample
(shifted main) peak revealed N-terminal amino acid sequencebuffer solution improved the reversibility of the protein
(first 10 residues) of SSKMQAFRIWS, Thus, under our  thermal denaturation process. The protein sample solution
experimental conditions, the unstructured N-terminal frag- was gradually heated, cooled, and subsequently reheated
ment (MfRPSGRK of IL-1ra was effectively clipped off  within the range of 20-85 °C while the CD signal data at
the protein. In the next step, the truncated protein was 230 nm were simultaneously collected. The thermally
compared at the same conditions with the wild-type IL-1ra induced loss of the IL-1ra secondary structure started around
in the aggregation assay. The results presented in Figure 6865 °C and was complete around 7G as manifested by an
showed an effect of truncation on aggregation kinetics increase in the negative ellipticity associated with protein
resulting in moderate 2-fold decrease in the aggregation rate.unfolding (Figure 7). The thermal denaturation of IL-1ra was
Interestingly, the truncation also resulted in about a 2-fold a reversible process, since most of the signal was recovered
increase (from 30 min to 1 h) in the lag phase suggesting aupon the cooling step. The somewhat lower signal recovery
contribution of the unstructured N-terminal region to the was attributed to a residual protein loss during the preceding
earlier, nucleation stage of the aggregation process. heating step. Similar results were obtained when the CD
The results indicated that the truncated N-terminal region signal was monitored at 281 nm (near-UV region of
including the K6 residue played a less significant role in the spectrum), i.e., no changes in the packing of aromatic

Abs at 405 nm

Time (h:mm:ss)

Abs at 405 nm

0:00:00 1:00:00 2:00:00 3:00:00
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10000 ties is the size of the molecule and, specifically, the distance
- between its charged groups (Table 1). To estimate distances,

0 : a three-dimensional model of each molecule was built and

1
i analyzed using ChemBats3D (Cambridgesoft, Inc.) and
i Weblab Viewer Lite (Accelrys, Inc.) software packages. Out
! of all three, the citrate is the largest molecule with the
minimal distance value of 5.9 A, which is close to the
maximum distance value of 5.5 A for pyrophosphate.
Therefore, in addition to a similarity in the ionization
properties between molecules of citrate and pyrophosphate,
-40000 - == a commonly featured-56 A distance between their charged
groups can help to explain a similar behavior of these
-50000 ~frrrrrrres T P e P P A molecules during the IL-1ra binding and aggregation experi-
20 30 40 50 60 70 80 ments. In the case of phosphate, a weaker binding to IL-1ra
can also be attributed to the ionization factor (single ionized

. 7 Thet ) ftect o the IL-1 q ruct group at pH 6.5), whereas the distance factor between
IGURE 7: The temperature effect on the IL-1ra secondary structure. ;
Sample is 5uM IL-1ra solution in 50 mM phosphate buffer, pH charged groups presumably would have a minor or no

7.0 containing 0.5 M NaCl. Circular dichroism measurements are IMPact. _ _
taken at 230 nm. The sample gradual heating (black filled circles) How Could IL-1ra Aggregation Be Affected by Anion

is immediately followed by cooling and then by reheating (gray Binding?Our data suggest that anions affect IL-1ra aggrega-
filled circles) with the same rate of the temperature change. The oy via interactions with the protein single, positively
estimated melting temperaturg,] is indicated by an arrow. charged site. As already mentioned in Results, this site can
be assembled from the highly charged loop-88 (residues
R92, K93, K96, R97) and, perhaps, a disordered and also

-10000

-20000 - "
§ <— T, (62.5°C)

-30000

[©IMRW, 230 (degx om? x dmol”')

Temperature, °E

Table 1: Molecular and IL-1ra-Binding Properties of Anions

anion ig'ﬁffggzr%ejr‘;"s‘?eﬂ(‘ i at 25°C2 Ka(L-ra). charged N-terminal region-17 (residues R1, R5, K6). There
is no crystal structure information available to date with
p“‘(’spo'pt;’ 28 2.15,7.20,12.35 13.7 respect to the highly mobile N-terminal regior7, so our
citrate 5.9 (min) further discussion will be focused primarily on the loop-84
(CeHsO77) 6.9 (max) 3.13,4.76,6.34 38 98 as defined by the IL-1ra crystal structure previously

pyrophosphate 2.5 (min)
(P.04) 5.5 (max) 0.83,2.26, 6.72, 9.46 2.9

a Reference29.

reported by Schreuder et all9). First of all, despite the
fact that IL-1ra is a monomeric protein in solution, its crystal
cell unit contains two protein molecules positioned such that

i they would form an asymmetric “dimer” where loop-848
residues were detected up to 55 (data not shown). The  of one molecule (chain 2) is placed at the “dimer” interface.

melting temperaturelg,) of IL-1ra estimated as 628 was  The closer inspection of the interface region revealed that
far above the temperature used in the aggregation studieskg3 and R97 residues of chain 2 are in close proximity with
The apparenty, value of 5_6°C has been preV_IOUS|y Qb_talhed corresponding W16 and Y34 residues of chainl, suggesting
for IL-1ra under irreversible (due to protein precipitation) 4t they may form cations interactions (Figure 8A)30,
conditions using differential scanning calorimetrg8). 31). Indeed, the energetically significant catiem inter-
Overall, our data did not reveal any perturbations in the IL- gctions between the above residue pairs were identified by
1ra structure at temperatures {3912 °C) used to induce  he CaPTURE progran8() using IL-1ra structural data file
protein aggregation. They do not, however, exclude a 1) R pdb. Second, the crystal structure points to an altered
possibility of the protein local conformational changes. position of K93 of chain 2 at the “dimer” interface. The
estimated distance between the side chain groups of K93
DISCUSSION and K96 at the interface region (11.5 A) is about twice as
What Determines the Strength of Anidih-1ra Inter- long as the distance between the same pair of residues of
actions?As illustrated in the Table 1, the binding properties chain 1 (5.4 A), suggesting a rearrangement of the K93 side
of the anion can be linked to its ionization state at a given chain group of chain 2 to permit a contact with an aromatic
pH (3). Citrate, phosphate, and pyrophosphate molecules carring of W16 of chain 1 (Figure 8B). In contrast to the
have a total of three, three, and four ionized groups, crystallographic data, a three-dimensional NMR spectroscopy
respectively. On the basis of th&pralues at 25°C, the study of IL-1ra in solution by Stockman et aB2) failed to
citrate and pyrophosphate at pH 6.5 would have predomi- define the K93-Q94 region (K94-Q95 in their study) of
nantly two/three negatively charged groups, whereas only the loop 84-98, pointing to this region’s highly dynamic
one ionized group would be prevalent in the case of nature. Thus, the loop 8498 ordering via cation inter-
phosphate. According to the literatur@9), the higher actions between two or even more protein molecules and,
temperature (3942 °C) used in our aggregation studies therefore, their asymmetric association may be required to
would have little influence over theipvalues of citrate and  permit nucleation and subsequent crystal growth. This, in
phosphate. The pyrophosphati€;pand K, values would turn, would lead us to a potential existence of the certain
be largely unaffected as well; however, the estimated value equilibrium in IL-1ra solution between monomeric and
of pKs can be somewhat lower and tend to fluctuate from oligomeric species. Assuming that, in solution, the same
around 5.8 to 6.8 depending on measurement conditk®)s (  positively charged site could be involved in formation of
Another factor that may influence the anion binding proper- either proteir-anion or protein intermolecular catiom
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A Trp-16

Chain2

Chain1
Arg-97

B

K93(ll)
L™
K93() kgg() W16(1)

K96(Il)

Ficure 8: IL-1ra crystal structurel@©) points to an involvement
of the cationic region in the protein self-association. The structure
was drawn using the PDB coordinate file 1ILR. (A) shows a
fragment of the “dimer” interface (dotted line) where K93 and R97
of the polypeptide chain 2 are positioned against W16 and Y34 of
chain 1, respectively, to form catiefr interactions (see Discussion
for details). (B) Illlustration of the rearrangement of K93 (Il) toward
W16 (I) with corresponding increase in the distance between K93
(1) and K96 (I1). Chain number is shown in brackets. The side

chains of the specified residues and their distances are shown while
the rest of the structure is omitted for clarity.

interactions, the addition of a competitive anion would shift

equilibrium toward the IL-1ra monomer. Previous studies 15

indicate that both protein aggregation and crystallization are
nucleation-dependent kinetic processes that could be intrinsi-
cally linked at the early stage preceding the nucleus formation
(33—35). On the other hand, the IL-1ra aggregation with its
characteristic sigmoidal curve and pronounced lag phase
resembles a crystallization process and is consistent with the
amyloid nucleation-dependent polymerization model where
the stable nucleus formation is the rate-limiting st8f~«

398).

On the basis of all of the above, it is reasonable to suggest
that the IL-1ra positively charged site contributed by loop
84—98 is involved in the protein asymmetric self-association
that could play an important role at the initial, perhaps
nucleation stage of the protein aggregation process. Conse-
quently, anion interaction with the IL-1ra positively charged
site would control/suppress protein aggregation via interfer-
ence with its self-association pathway.
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