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ABSTRACT:. Human interleukin 10 (hulL-10) is a cytokine that regulates the synthesis of type 1 helper T
cell derived cytokines such asinterferon, interleukin 2, and tumor necrosis factar The potential
immunosuppressive activities of hulL-10 suggest that this protein may be clinically useful for treating
autoimmune diseases. Due to the potential clinical value of this cytokine, physicochemical studies have
been performed regarding its association state and biological/structural stability. These studies include
performing size-exclusion chromatography, chemical cross-linking, equilibrium ultracentrifugation, and
circular dichroism spectroscopy. The results indicate hulL-10 is predominantly a noncovalent homodimer
at neutral pH and 4C for concentrations greater than 0.003 mg/mL (Q©®8dimer). An apparent i§,

value of ~4.8 was calculated for both the pH-dependent subunit dissociation and pH-induced loss in
MC/9 biological activity. A temperature analysis revealed a linear relationship between the percent dimer
and relative MC/9 activity, thus, these results and the pH-dependent activity results suggest that the hulL-
10 dimer is the active species. The GndHCI-induced unfolding of rhulL-10, monitored by far-UV circular
dichroism, revealed a unique biphasic unfolding process which contained both a subunit dissociation
process £ 1.6 M GndHCI) as well as the unfolding of a highdyhelical monomer intermediate ([GndHg4]

= 3.5 M). The monomer intermediates generated with 1.6 M GndHCI or pH 2.5 retaiféo and

89% of thea-helical content of the native protein, respectively. Although a soluble and highly helical
monomer state can be generated, the observed correlation between unfolding studies and biological activity
suggests the dimer is the active species. These results are consistent with both the recent observation that
the three-dimensional structure of rhulL-10 is a 2-fold symmetric homodimer and that a complex between
the extracellular domain of the recombinant human IL-10 receptor and IL-10 is consistent with two IL-10
homodimers and four receptors.

Interleukin 10 (IL-10) is a cytokine that was originally rophage production of cytokines such as l;1L-6, IL-8,
identified as a product of the type 2 helper T cell and granulocyte-macrophage colony-stimulating factor (GM-
subsequently shown to be produced by other cell types CSF), granulocyte colony-stimulating factor (G-CSF), and
including B cells and macrophaged—4). IL-10 has TNFa (3, 5. This activity suggests that IL-10 may be useful
pleiotropic activities including the ability to inhibit the for treating clinical situations such as bacterial sep8)s (
synthesis of several cytokines produced from type 1 helper enterotoxin-induced lethal shock, and rheumatoid arthritis
T cells such ag-interferon, interleukin 2, and tumor necrosis (5, 6, 10.

factor a (4). Inhibition of these cell-mediated immune The cDNAs of both murine IL-10 (mulL-10) and human
response modulators by IL-10 and its suppression of antigen-j -10 (hulL-10) (11, 12 code for 178 amino acid long
presenting cell-dependent T cell responses suggest that ILproteins which include a 21 and 18 amino acid signal
10 may have immunosuppressive activities which are sequence, respectively6,( 13. The sequence identity
favorable for treating autoimmune diseases such as allograftyetween the mature forms of recombinant mull-10 (157
rejection and diabetes5¢8). The protein also displays  amino acids, 18 453 Da) and recombinant hulL-10 (160
antiinflammatory activity by inhibiting the monocyte/mac-  gmino acids, 18 647 Da) is very high, 73%, which for hulL-
" The National Analytical Ultracentrifugation Facility at The Uni 10 appears to be sufficient to enable it to be biologically
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recombinant mulL-10 (rmulL-10) and recombinant hulL-
10 (rhulL-10) have a higle-helical content£60%), based
on far-UV CD studies, suggests that the structure of IL-10
is similar to that of the four-helical bundle cytokine
superfamily {3). The expression and purification of rmulL-
10 or rhulL-10 from eithetE. coli or mammalian derived

cells produce a species which has a size-exclusion chroma-dialysate and placed into the other two channels.

tography elution profile consistent with that of a dimér (

Syto et al.

containing 0.15 M NaCl. In a typical experiment, 160

of the sample solution was loaded into one of the three
solution channels of the 12 mm six channel exterior loading
analytical ultracentrifuge cellkd) which was equipped with
sapphire windows and interference masks. Dilutions@ol

and 0.3 mg/mL of the original sample were made with the
The
solution channels were previously filled with 10 of

14). The recently determined three-dimensional structure of fluorocarbon oil (Minnesota Mining and Manufacturing Co.,

rhulL-10 (17, 18 confirmed that the protein is a homodimer
and has a structural topology similar to the highly helical
human gamma interferon molecul&9( 20.

The biological and structural stability of IL-10 is not well
understood though the activity of the protein is known to be
acid labile @) and is biologically inactive following reduction
of its two disulfide bondsi3, 2. A full biochemical and
physicochemical characterization of the stability for rhulL-
10 is important in view of its many potential therapeutic uses.
In this report we demonstrate that rhulL-10 is a homodimer

#FC-43) in order to make the bottom of the solution visible.
One hundred and twenty microliters of the dialysate buffer
was loaded into each of the solvent channels. The cell was
centrifuged at 4°C in a Beckman Model E analytical
ultracentrifuge at 18k rpm overnight.

The data were acquired through a real time TV system
which records the fringe displacement as a function of
distance from the center of rotation with a typical error of
about+0.01-0.02 fringes 25). Under these conditions, this
corresponds to a concentration erroete8—6 ug/mL. Data

under our experimental conditions using several different were taken every 24 h in order to test for equilibrium.
techniques including chemical cross-linking, size-exclusion Equilibrium was determined when no change in the gradient
chromatography, and analytical ultracentrifugation. In ad- was observed after subtracting successive interferograms
dition, we describe our results regarding the stability of the from each other. Equilibrium was achieved overnight.
protein as a noncovalent homodimer with respect to changesFollowing data acquisition at equilibrium, the centrifuge was
in pH, temperature, and increasing concentrations of guani-accelerated to 24k rpm, and equilibrium data were recorded
dine hydrochloride. These unfolding studies revealed that following another overnight run. Blank runs {8 vs H0)
while a soluble and highly structured monomer intermediate were performed under the identical conditions as the sample
is obtained under denaturing conditions the biological activity runs and subtracted from the final equilibrium data to correct
of rhulL-10 correlated only with the amount of dimer in for optical distortions.
solution. The observation of a stable monomer upon the Data analysis was performed using a nonlinear least-
dissociation of an oligomer is not a common event, thus, squares program26) to fit all of the data globally. In
rhulL-10 will be an important system for studying the addition to the ideal single-species model, this program
mechanism of refolding and association of oligomers. allows the testing of various self-association models. The
Generation of a highly helical and soluble monomer was program yields a value of sigma = WM(1 — 2)/RT] for
unexpected since molecular modeling analysis of the ho- either the single nonideal species or that of the smallest
modimeric three-dimensional structure indicated that two associating species and the model of self-association with
hydrophobic helices from each monomer are interwound into the smallest association constant. The criteria for goodness
the other subunit and exposure of these hydrophobic regionsof fit required the rms error to be 0.02 fringes 6 ug/
to solvent would be thermodynamically and structurally mL) and nonsystematic.
unfavorable {7, 1§. That the dimer state of rhulL-10 To convert values of sigma into molecular weight, the
appears to be the active species is consistent with the recengpecific volume ) and the density are needed. The former
observationZ2) that the extracellular domain of the recom- was calculated as 0.735 mL/g from the amino acid composi-
binant human IL-10 receptor when bound to IL-10 forms a tion (27). The density of the solvent was estimated from
complex containing the equivalent of two IL-10 homodimers density tables to be 1.006 g/mL at’€@.
and four receptor monomers. In addition, by analogy to  pH and GndHCI-Dependent Chemical Cross-LinkinmH-
y-interferon, recent modeling studies suggest a single IL-10 dependent cross-linking was performed with 0.33 mg/mL
dimer could bind two receptor28). The following report samples and equilibrated in the following 40 mM buffers
describes structurefunction stability studies performed with  for 1 h atroom temperature: sodium citrate (pH 28.6),
rhulL-10. sodium acetate (pH 4-25.7), sodium phosphate (pH 6.3),
Hepes (pH 6.6, 7.0), sodium bicarbonate (pH-8L0.0).
MATERIALS AND METHODS These samples were neutralized to pH 8.5 by diluting the
Materials. Recombinant hulL-10 derived from Chinese sample 2-fold using 0.4 M sodium bicarbonate and then
hamster ovary (CHO) cells was purified to greater than 95% cross-linked immediately with 1 mM B$or 30 min at room
by conventional chromatography (Biotechnology Bioisolation temperature. Samples were also cross-linked following
Group, Schering-Plough Research Institute). The chemicaltreatment with GndHCI. RhulL-10 samples, at 0.35 mg/
cross-linker reagent bis(sulfosuccinimidyl) suberatesjBS&d mL, were incubated for 30 min with-86 M GndHCI in 50
guanidine hydrochloride (GndHCI) were obtained from mM sodium bicarbonate, pH 8.5, at room temperature prior
Pierce. All protein concentrations were determined spec-to cross-linking with 1 mM B$ for 30 min at room
troscopically using a molar extinction coefficient of 8740 temperature. Both the pH and GndHCI cross-linking reac-
M~tcmt (22% = 0.47 mg? cn¥) at 280 nm L3). tions were stopped using 0.1 M TRIS, pH 8.5, and analyzed
Analytical Ultracentrifugation. A sample of rhulL-10 {1 under reducing conditions by SB®AGE. The GndHCI-
mg/mL) was dialyzed against a 20 mM Tris buffer at pH 8 treated samples were dialyzed against 0.1% acetic acid,
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lyophilized, and resuspended in SDS sample buffer prior to
SDS-PAGE. Control experiments demonstrated that high
concentrations of GndHCI did not interfere in the cross-
linking reaction (data not shown).

MC/9 Biological Assay: pH-Dependent Stabilityrhe
biological activity of rhulL-10 was determined using the
murine mast cell proliferation (MC/9) assay costimulated
with murine interleukin 41). The pH-dependent biological
stability of rhulL-10 was determined by first preincubating
a 0.1 mg/mL sample in 16 different pH buffers (see below)
for 24 h at either 4 or—20 °C followed by a 1000-fold
dilution into the assay media which was sufficient for
analysis of its biological activity and to neutralize the pH of
the sample.

Far-UV CD pH and GndHCI Structural Stability Studies.
The pH-dependent structural stability of rhulL-10 was
measured by analyzing changes in the far-UV CD spectrum
of the protein under different pH conditions. A stock
solution at 0.5-0.7 mg/mL in 10 mM sodium phosphate,
pH 7.0, was diluted 10-fold into the following solutions
containing a final concentration of 20 mM buffer and 50
mM potassium sulfate: sodium citrate pH 2.35.5, sodium
acetate pH 4.65.25, sodium phosphate pH 5:6.5, Hepes
pH 7.0 and 7.5, and TRIS pH 8:A0.0 (pH measurements
were recorded following each experiment). Samples were
equilibrated for 30 min at room temperature prior to
measurement (unfolding was found to be complete within 1
min following a pH change). Refolding of the pH 2.5
sodium citrate equilibrated sample was achieved by diluting
the sample 10-fold into a 20 mM Hepes, pH 7.0, buffer,
equilibrated fo 1 h atroom temperature followed by the
far-UV CD measurement. The percent unfolding was
determined by measuring the change in ellipticity at 222 nm
for each pH with respect to the ellipticity at pH 6.5.
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presented by Greene and Pace (19730) (was used to
estimate the free energy of unfolding in wat&iGH2C;

AGp = AGy™° — m[GndHCI] 1)
wherem, the slope of the curve, indicates the ability of a
denaturant to unfold a protein and [GndHClI] is the concen-
tration of denaturant. Calculations &GpH?° were per-
formed usingAGp, values betweett1.2 kcal/mol of theAGp

value at [GndHCH,; to minimize extrapolation errorS81),
where [GndHCI]; is the concentration of GndHCI at 50%
unfolding.

Far-UV CD studies were recorded using an IBM-interfaced
Jasco 500C spectropolarimeter. Spectra were recorded using
a 0.1 cm cell for sample concentrations between 0.03 and
0.08 mg/mL, and each sample spectrum had a solvent
spectrum subtracted from it. Each spectrum was averaged
from 4—8 scans at a rate of 20 nm/min using a time constant
of 1 s. The spectropolarimeter was calibrated using am-
moniumd-10-camphorsulfonate (Aldrich, Milwaukee, WI)
(32, 33.

RESULTS AND DISCUSSION

Analysis of Aggregation StateThe aggregation state of
CHO-derived rhulL-10 was examined using SDS polyacry-
lamide gel electrophoresis (SBPAGE) with and without
chemical cross-linking, size-exclusion chromatography, and
analytical ultracentrifugation. The apparent molecular mass
(Mapp of rhulL-10 determined by SDSPAGE under reduc-
ing (Figure 1) and nonreducing conditions (data not shown)
was ~18 and 17 kDa, respectively. These results were
consistent with the predicted molecular mass of 18 647 Da.
The smaller apparent size for the nonreduced sample was

Nonlinear least-squares analysis was used to determine thénost likely due to structural constraints produced by the two

pKa assuming the reaction underwent a two-state transition.
The GndHCI-dependent unfolding of rhulL-10 was per-

formed by diluting a 0.50.7 mg/mL sample 10-fold into a
solution containing increasing concentrations of GndHCI.
The final buffer composition and protein concentration were
50 mM TRIS, pH 8.5, 7.3 M GndHCI, and 0.050.07
mg/mL, respectively. Samples were equilibrated for 30 min
at room temperature (22C) prior to measurement. The

intramolecular disulfide bonds in rhulL-1A.3). Electro-
spray mass spectroscopy analysis of rhulL-10 indicated the
protein had anm/z value of 18 643 (data not shown) and is
the mass expected for native rhulL-10 which contains two
disulfide bonds (less four hydrogen atoms). CHO-derived
rhulL-10 has a potential N-glycosylation site at residue
Asnl16, however, the mass spectroscopy results strongly
suggested that it was not glycosylated.

percent unfolding was determined by measuring the change Chemical cross-linking of rhulL-10 using B& a buffer

in ellipticity at 222 nm for each GndHCI condition with
respect to the total ellipticity change between 0 and 7 M
GndHCI. A 6.2 M GndHCl-treated sample (0.77 mg/mL)
was refolded by diluting the sample 10-fold to produce a
GndHCI concentration of 0.62 M, which in the far-Uv CD
unfolding studies did not induce a conformational change.
The free energy change of unfoldingGp™2°, for y-IFN
was determined assuming a two-state unfolding mechanism
N, = 2U (28). Under this condition, the equilibrium
constantKy, is expressed a&ky = [U]%[N;] = 2P{fu/fu ]
= 2P{f,?(1 — fy)], wherefy andfy represent the fractions

equilibrated at pH 8.5 produced a species that migrated in
SDS-PAGE with an apparent molecular mass consistent
with that of a dimer,~36 kDa, Figure 1. In addition, size-
exclusion chromatography of native and acid- or temperature-
induced denatured rhulL-10 produced two different elution
peaks corresponding to dimer and monomer species, respec-
tively (data not shown).

, Finally, sedimentation equilibrium ultracentrifugation stud-

ies were performed to confirm the dimer state of rhulL10.
Five data sets were analyzed consisting of 1540 data points
covering a range of concentrations fron8 ug/mL (0.08

of protein present in the unfolded (U) and native folded (N) uM dimer) to~2 mg/mL (54uM dimer) at 4°C. The best

states of the monomer, respectively, &ds the total protein
concentration (monomer units). Calculation of the free
energy of unfolding is obtained from the equatiohGp =
—RT In (Ky). The values forfy andfy were determined

fit of the data, shown in Figure 2, indicated rhulL-10 is a

dimer with a molecular mass of 398 0.4 kDa (RMS=

3.4 ug/mL) and weakly associates to tetramer. A value of
v 2.3% less than that calculated for the protein could have

using pre- and post-transition base lines as suggested byead to the 6.7% overestimate of the molecular mass actually

Santoro and Bolen (1988p9). The following equation

measured. Analysis of the data using a monontgmer
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123456 7 8910111213141516171819

e “. “ - Monomer

31 kDa

21

123456 7 8910111213141516171819

Ficure 1: SDS-PAGE reducing gel: pH-dependent cross-linking of rhulL-10. Lane 1, molecular mass standards; lane 2, rhulL-10 control
(no cross-linking); lanes-319 contain rhulL-10 equilibrated into the following pH, neutralized, and cross-linked with BS 2.0, 2.6,
3.1,36,4.2,4.4,46,48,5.1,53,5.7, 6.3, 6.6, 7.0, 8.0, 9.0, 10. Lane 1 contains a minor unknown contaminant running just below the
IL-10 band. The gel was run with &g of rhulL-10 per lane and silver stained.
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Ficure 2: Equilibrium sedimentation of rhulL-10 atC. The equilibrium data were fit using a nonlinear least-squares ana®giss€e
text. Loading concentrations, 0.1 (circles), 0.3 (squares), and 1 mg/mL (triangles). Two different sedimentation speeds were performed for
each sample: 15k rpm (closed symbols) and 25k rpm (open symbols). The buffer was 20 mM Tris, pH 8.0, containing 0.15 M NacCl.

equilibrium indicated that under our experimental conditions exists in solution as a noncovalent homodimer under the
there was no detectable monomer species3(ug/mL or protein concentrations and buffer conditions used in these
0.08 uM dimer at 4 °C). The weak dimertetramer experiments. In addition, the protein does not appear to be
association constant ranged from 0.03 to 0.5'Mnd glycosylated. The dimer aggregation state of rhulL-10 is
indicated that~6% tetramer is present at 2 mg/mL (¥ similar to othera-helical cytokines such as IL-5, M-CSF,
dimer). and y-IFN, althoughy-IFN is the only noncovalent dimer
These ultracentrifugation results as well as the SDS whose three-dimensional structure is similar to rhulL-10.
PAGE cross-linking, mass spectroscopy, and size-exclusion pH-Dependent Biological and Structural StabilityVe
chromatography studies indicate CHO-derived rhulL-10 also examined the biological and structural stability of rhulL-
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preincubated at each pH for 24 h followed by a 1000-fold dilution FIGURE 4: Far-UV circular dichroism.«) RhulL-10 control at
into the assay media to neutralize the sample. During the preincu-PH 7.0; ¢+*) rhulL-10 at pH 2.5; (- - -) rhulL-10 neutralized from
bation, the samples were either stored &G4 (open circles) or ~ PH 2.5t0 pH 7.0. The pH 7.0 samples were in 20 mM Hepes, 50

frozen at—20 °C (solid circles). The percent activities are relative MM potassium sulfate, and the pH 2.5 sample was in 20 mM
to a nontreated standard. sodium citrate, 50 mM potassium sulfate.
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10 with respect to pH. The protein has an unusually neutral
isoelectric point (P compared to most lymphokines. The
predicted p is 7.5 and is similar to the experimentally
determined p of ~7.88 using isoelectric focusing electro-
phoresis 21). The pH-dependent stability of the rhulL-10
MC/9 biological activity was determined by diluting rhulL-
10 stock solutions to 0.1 mg/mL in 16 different buffers
adjusted to pH values between 2.5 and 10 and equilibrated
for ~24 h at either 4 or-20 °C. These samples were then
diluted 1000-fold into assay media and tested for biological
activity. The pH-dependent activity of rhulL-10 at°€ pH

(Figure 3) demonstrated that the protein retained high activity Ficure 5: Relative pH-dependent changes in the far-UV CD.
between pH 6 and 10. However, below pH 6.0 the activity RhulL-10 was incubated at each pH for 30 min, 22, and the
decreased significantly such that at pH 2.5 only a small €llipticity was measured at 222 nm. AKp of 4.8 + 0.1 was
percent activity remained. Samples stored for 24 k20 calculated assuming a single two-state unfolding transition.

°C had a similar pH-dependent activity profile. The pH value
at which there was 50% biological activityg'“®) occurred

at approximately pH 4.8. The lack of activity for the acid-
treated samples suggested that rhulL-10 could not sufficiently
renature to its native state under the conditions employed in
this experiment (diluted to 0.2g/mL and neutralization to
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in the amount of dimer such that samples between pH 2.0
and 3.6 appeared to exist primarily as monomer (Figure 1).
Based on the intensities of the monomer and dimer bands,
the pH at which there was approximately 50% dissociation,
pKBS3PH was between 4.6 and 4.8. RhulL-10 was also
pH 7.0 with assay media and frozen until assayed). observed to be a monomer at pH 2.0 by FPLC size-exclusion

Since rhulL-10 is a noncovalent dimer, we decided to cfomatography (data not shown).
examine the aggregation state of the protein with respect to In @ previous report, we determined from an analysis of
pH using chemical cross-linking and SBBAGE analysis the CHO-derived rhulL-10 far-UV CD spectrum that the
and compare the degree of dimer formation to the pH- Protein contained~60% o helix (13). The high helical
dependent biological activity of the protein. A major content has since been confirmed by X-ray crystallography
advantage of this technique is that even though pH-inducedto be approximately 67%1f, 1§. To determine the
denaturation would result in large insoluble aggregates, all Structural stability of thisi-helical protein, we measured the
of the rhulL-10 species would be detected due to the change in ellipticity at 222 nm with respect to changes in
solubilizing effect of SDS. Samples equilibrated at room PH. Decreases in the ellipticity at 222 nm indicated the
temperature fol h indifferent pH buffers were subsequently ~Protein underwent a conformational change upon lowering
adjusted to pH 8.5, chemically cross-linked withg3gnd ~ the pH from 7.0 to 2.5 (Figure 4). The calculated midpoint
analyzed by SDSPAGE under reducing conditions. Figure OF apparent K, for the pH-induced unfolding (apparent
1 shows the relative mobility of each pH-treated and cross- PKa°"""), assuming a two state transition, was 4:80.1
linked sample. Samples equilibrated at a pH between 5.1(Figure 5). This acidic apparenkg-"~*" value for the pH-
and 10.0 migrated with M., ~36 kDa, consistent with a  induced unfolding of rhulL-10 correlated directly with the
dimer aggregation state. The small amount of monomer MC/9 biological assay . value,~4.8, as well as the
present in these experiments may have been generated fronghemical cross-linking dimer dissociatiof5%" value,
some B$ lysine-modified samples which induced dimer 4.6-4.8. Thus, rhulL-10 appears to undergo a pH-induced
dissociation. Covalent modification of lysine residues by conformational change which promotes subunit dissociation
BS; is also likely to have caused the bandwidths of the Pelow pH 5.5. The corresponding loss of MC/9 biological
chemically modified samples to be significantly wider than activity with decreasing pH suggests that the dimer is the
the non-cross-linked samples. active species.

Samples equilibrated in buffers below pH 5.1 contained  Though low-pH conditions induced conformational changes,
increasing amounts of monomer and a concomitant decreasehe ellipticity value at 222 nm for the pH 2.5 treated sample
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~ 120 that a 0.3 mg/mL (&M dimer) protein sample equilibrated
°\;100_ for 1 h, at temperatures of 37 and 86, resulted in the
> formation of 2% and 22% monomeric species, respectively
g 80 (data not shown). Moreover, this temperature-induced dimer
8 60 dissociation process exhibited a strong dependence on the
ig” 0] concentration of the protein in the sample. As an illustration,
@ (] a similar treatment for a 0.05 mg/mL (184 dimer) sample
g 20 resulted in the formation of 10% and 55% monomeric species
S o bl , . : : in the equilibrated mixture when heated at 37 and°65

0 20 40 680 80 100 120 respectively.

Percent Dimer (%) ’ . . .
FiGURe 6: Relative MC/9 biological activity with respect to the The relationship between the temperature-induced subunit

percent rhulL-10 dimer. Rhull-10 at 0.1 mg/mL was heated to 55 dissociation and MC/9 biological activity of rhulL-10 was
°C for 1—10 min to induce dimer dissociation. The relative amount also determined. Samples were heated tdG5or 1-10

of dimer formed following heating was determined by size- min, and the percent dimer was determined from the area
exclusion chromatography (24 mL Superdex 75 column, 40 MM recorded by size-exclusion chromatography. A fraction of

Hepes, pH 7, 0.2 M NaCl) at4C. The percent dimer was calculated
based on the area of the dimer for each heated sample and compare, ach heated sample loaded onto the column was also assayed

to an unheated control. The MC/9 biological activity was determined 107 MC/9 activity. These samples were diluted 1000-fold
from the same heated sample used for size-exclusion chromatogrior to assay. The linear dependence of the MC/9 activity
raphy, and the relative activities were based on comparisons to anwith respect to the percent dimer shown in Figure 6
unl?eatedfsla(r)réple. A |t|near Itegfit-gsquaées fit of ltht‘? data rffe_sgltetd iNdemonstrates the important role the rhulL-10 dimer has in
2fsoogse of 1.03, an intercept ef4.9, and a correlation coefficient o tino the biological response.

GndHCI-Dependent Dimer Dissociation and Structural

decreased by only 11% compared to the pH 7.0 sampleStability. We have also examined dimer dissociation and
(Figure 4) and the shape retained minima at 208 and 22ounfolding of rhulL-10 with respect to increasing concentra-
nm. This suggested that the rhulL-10 monomer retained ations of GndHClI to provide additional information regarding
high degree ofi-helical structure even at pH 2.5. It is not the general structural stability properties of the protein and
known whether the tertiary state of the monomer at pH 2.5 0 enable comparisons of its stability to other dimer systems.
is similar to that in the native dimer conformation or to that GNdHCl-induced dimer dissociation of rhulL-10 was deter-
of a molten globular state containing a high degree of Mined initially by chemical cross-linking using B# the
a-helical secondary structure. It is also possible that some Présence of increasing concentrations of GndHC, at pH 8.5,
of thea helicity seen at pH 2.5 is due to constraints resulting followed by analysis of the amounts of monomer and dimer

from the presence of two disulfide bonds3{ which inhibit 1" €ach solution by SDSPAGE (following dialysis). The
full unfolding. results of this study, presented in Figure 7, demonstrated that

) . . dimer dissociation was complete using onl§.6 M GndHCI
In refolding studies, a pH 2.5 sample neutralized to pH 514 509% dissociation ([GndHGJ)) occurred with~0.75—

7.0 and equilibrated fol h had a final ellipticity value, at 59 M GndHCl (controls were performed to confirm that
222 nm, that was 96.4% of the control sample and suggestedgngHcl did not interfere with BScross-linking). These

that partial refolding occurred (Figure 4). Subsequent size- resyits have been confirmed using size-exclusion chroma-
exclusion chromatography analysis showed that the residualtography_ The value for [GndHGJ} is relatively low
incomplete refolding was likely to be due to the incomplete compared to values reported for many other homo- and
reassociation of the monomer species which was present aheterodimersZ8, 34, 35 and suggested that the stability of
only 8%. the rhulL-10 dimer to denaturants was relatively weak
Temperature-Dependent Dimer Dissociatiomempera- perhaps due to different subunit intermolecular interactions
ture-dependent stability studies of the rhulL-10 dimer dis- such as electrostatic interactions (see below).
sociation process were also performed. Using size-exclusion In several previously reported dimer dissociation systems,
chromatography as a monitoring technique, it was observedGndHCI- or urea-induced dissociation followed a two-state

-— — v .
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Ficure 7: SDS-PAGE analysis of the GndHCI-dependent dissociation of rhulL-10. RhulL-10 was incubated-vw6tMGGndHCI in 50
mM sodium bicarbonate, pH 8.5, for 30 min, 22, cross-linked with B§ dialyzed, and analyzed using silver-stained reducing -SDS
PAGE (see Materials and Methods). Lane 1: molecular mass standards; lane 2, rhulL-10 control (non-cross-linked)1iBr@adHClI
concentrations 0, 0.25, 0.5, 0.75, 0.9, 1.0, 1.6, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 6.0.



Structural and Biological Stability of RhulL-10 Biochemistry, Vol. 37, No. 48, 19986949

Scheme 1
1007 an N, < 212U
4 21=> g
§ 801 /r
o 604 u To determine the free energies of unfolding for both of
‘c /_);( these coupled reactions, a series of protein concentration-
_.:_’, 40- Sl dependent unfolding studies similar to that describe by Clark
GC) Seof ¥ et al. (1993) 86), Neet and Timm (1994P@), and Grimsley
O 201 Pl F et al. (1997) 89) should be performed.
& O_'I_.i e s Since the three-dimensional structure of rhulL-10 is similar
[ e T T to they-IFN homodimer, we performed a similar GndHCI
01 2 3 456 7 8 9 unfolding study on humary-IFN to determine if these
GndHCI (M) structurally related proteins had similar stability properties.

. In contrast to rhulL-10, the unfolding profile ofIFN had
Ficure 8: Far-UV CD GndHCI-dependent unfolding of rhulL-10. : : o
RhuIL-10 (0.05-0.07 mg/mL) was incubated with 7.3 M asmg[e, very sharp, qnfoldlng phase, similar to a two-state
GndHCI, 50 mM TRIS, pH 8.5, for 30 min at 22C prior to  unfolding reaction, with a [GndHGI}, value of 0.95 M,
measuring the ellipticity at 222 nm. The relative percent unfolding Figure 8 (insert). The values of the free energy of unfolding,

was determined _using 0 and_ 7.3 M GndHCI as the folded and AGpH29, for a two-state dimer unfolding reaction, N* 2U,
unfolded end points, respectively. Insert: Far-UV CD GndHCI- 5. usually between 10 and 30 kcal/m28 where the lower
dependent unfolding gf-IFN. The sample concentration and buffer | indicate di dil fold and di iat
composition are the same as used for rhulL-10. values indicate dimers more readily untold and dissociate
to the unfolded monomer state. Analysis of this curve

dissociation process, N— 2U, where N is the native according to a two-state dimer dissociation reactionsN
monomer conformation and U is the unfolded monomer 2U (see Materials and Methods), gave values A@p"*°
conformation 28, 34-39). These unfolding studies were and m of 12.5 kcal mot* and 5.7 kcal mol* M7,
performed by measuring conformationally sensitive spec- "espectively28). The unfolding profile ofy-IFN was similar
troscopic properties such as fluorescence or CD. To furtherto the dimer dissociation process seen in phase | for rhulL-
examine the stability properties and unfolding pathway of 10, however, the absence of a second phase suggested that
rhulL-10, we performed far-UV CD measurements in the they-IFN monomer was not as structurally stable.
presence of increasing concentrations of GndHCI. GndHCI-  Structural Analysis of Rhull-10: Stability PropertieShe
induced conformational changes of rhulL-10 were detected observed apparentp values (4.8) for loss in biological

by measuring the relative change in ellipticity at 222 nm, activity, structural unfolding, and subunit dissociation suggest
and the unfolding profile, shown in Figure 8, was biphasic that protonation of the 21 aspartic and glutamic acid residues
with respect to increasing concentration of GndHCI. The and the subsequent potential loss of stabilizing interactions
first unfolding phase (phase I) occurred between 0.6-ahd such as H-bonds, ionic interactions, and salt bridges under
M GndHCI and accounted for an20% change in the total  acidic conditions promote subunit dissociation. We analyzed
unfolding process. Based on the GndHClLB®ss-linking the three-dimensional structure of rhulL-ZD) to determine
studies, it appeared that phase | corresponded to conformaif there were unique structural reasons for the pH-induced
tional changes correlated with the dissociation of the rhulL- subunit dissociation and structural stability (high helical
10 dimer to separate monomers. These cross-linking studiescontent) of the acid- or GndHC-induced rhulL-10 monomer.
also suggested that the inflection for phase | seenlaiM The structure of rhulL-10 contains two identical monomers
GndHCI corresponded to the point in which the rhulL-10 with two helices from one monomer intercalated into four
dimer was almost fully dissociated to monomers (also helices of the other monomer, and acidic residues comprise
confirmed by size-exclusion chromatography, data not 8.2% of the dimer interface. These residues are distributed
shown). Thus, phase | appeared to reflect a simple two- throughout the surface of the monomenonomer interface
state dissociation reaction, &> 21, where | is the conforma-  along the E and F helices of one monomer and theBA

tion of a dissociated monomer with a high helical content and C helices of the second monomer. The acidic residues
and more structurally stable than the fully unfolded monomer, participate in a variety of hydrogen bonds and ion pairs

U, observed at 5;57.3 M GndHCI. (Table 1) and are likely to be important in stabilizing the
The second unfolding phase (phase Il) extended over adimer state above pH 4.5. The ion pair between glutamate
much greater concentration range of GndHCI,-15%6 M, 151 and arginine 27was noted as a possible stabilizing

where concentrations above 5.5 M GndHCI represented theinteraction in the determination of the rhulL-10 X-ray
fully unfolded state. Since phase Il occurred under condi- structure 7). Under partial denaturation conditions, a
tions where only rhulL-10 monomer existed, this phase highly helical monomer intermediate, |, was observed. This
apparently described the unfolding of the individual subunits, observation is contrary to modeling studies by Zdanov et al.
21 < 2U, and reflected the structural stability of the rhulL- (1995) (L7), who concluded that in order for a monomer,
10 monomer. The shallow monomer unfolding curve seen containing sixa helices, to exist in a conformation identical
in phase Il for rhulL-10 is similar to that seen for several to one side of the 2-fold symmetric dimer that either the
cytokine monomers such as IL-4 and GM-CSF which Cys62-Cys114 disulfide would have to be reduced or the
are 4a-helical bundles and contain 3 and 2 disulfide structure would have to be seriously distorted. Neither
bonds, respectively3@). Together, phases | and Il of disulfide bond is broken in rhulL-10, however, the far-Uv
rhulL-10 appear to represent the entire unfolding reaction CD for the monomer intermediate, |, does underge-20%
(Scheme 1). change. This suggests that the protein may indeed undergo
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Table 1: Acidic Residues and lon Pairs Buried on IL-10 Dimer (1995) @2) have recently reported that when the recombinant
Association IL-10 extracellular domain receptor is bound to IL-10 the
acidic residue ion pair residue surface area  complex formed is consistent with two IL-10 dimers and
monomer | (region) monomer Il (region)  buried (%) four receptor monomers. For these reasons, it is likely that
Asp 41 (helix A) Tyr 137 backbone (helix B 222 the biologically relevant state of rhu!L-lO isas a dlmer.
Asp 55 (helix B) Ser 11'&ackbone (helix B 37.3 That the IL-10 monomer shows a high amountfielical
Glu 67 (helix C) Lys 117 Lys 125 (helix E) 84.4 content suggests it may retain some of the native conforma-
Glu 75 (helix C) Lys 125(helix E) 31.8 tion. Provided with the three-dimensional structure of the
Glu 142 (helix F) L"iuldésgb("’r‘]%'is(ogf (helix B 3.3 rhulL-10 dimer, one may be able to redesign the protein to
Asp 144 (helix F) a/ys 34 GIn 38 (helix A') 40.6 obtain a more stable monomer which may retain receptor
Glu 151 (helix F) Arg 27 (helix A") 59.3 binding activity but lack biological activity due to the failure
total acidic area/monomer 368.9 to induce the association of cell surface receptors. The
total acidic area/dimer 737.8 antagonist activity of this type of protein may be therapeuti-

cally valuable. Investigations of the structure/function
a conformational rearrangement sufficient to achieve a Properties of the rhulL-10 monomer are currently underway.
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