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Physicochemical Characterization of an Antagonistic Human Interleukin-6 Dimer
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ABSTRACT: A noncovalently bound dimeric form of recombinant human IL-6 interleukin-6 @Ly8as

shown to be an antagonist for IL-6 activity, in a STAT3 tyrosine phosphorylation assay using HepG2
cells, under conditions where it does not dissociate into monomeric IL-6{)L-&he fluorescence from
Trpl57, the single tryptophan residue in the primary sequence of IL-6, is altered in, Mkgere the
wavelength maximum is blue-shifted by 3 nm and the emission intensity is reduced by 30%. These data
suggest that Trp157 is close to, but not buried by, the dimer interface. BothdindIL-6,4 are compact
molecules, as determined by sedimentation velocity analysis, and contain essentially identical levels of
secondary and tertiary structure, as determined by far- and near-UV CD, respectively.ahd6L-6y

show the same susceptibility to limited proteolytic attack, and exhibit identical far-UV CD-monitored
urea-denaturation profiles with the midpoint of denaturation occurring at#=6001 M urea. However,

IL-6p was found to dissociate prior to the complete unfolding of the protein, with a midpoint of dissociation
of 3 M urea, suggesting that dissociation and dimerization occur when the protein is in a partially unfolded
state. Based on these results, we suggest thap lis-& metastable domain-swapped dimer, comprising
two monomeric units where identical helices from each protein chain are swapped through the loop regions
at the “top” of the protein (i.e., the region of the protein most distal from the N- and C-termini). Such
an arrangement would account for the antagonistic activity ofdL-& this model, receptor bindingjte

I, which comprises residues in the A/B loop and the C-terminus of the protein, is free to bind the IL-6
receptor. Howeversite Ill, which includes Trp157 and residues in the C/D loop and N-terminal end of
helix D, and perhapsite II, which comprises residues in the A and C helices, are no longer able to bind
the signal transducing component of the IL-6 receptor complex, gp130.

Interleukin-6 (IL-6} is a pleiotropic cytokine that plays a Kaposi’'s sarcoma and multicentric Castleman’s disease. It
central role in tissue injury and host defense mechanisms tois anticipated that treatment of these diseases may be
infection (1—3). The dysregulated production of IL-6 is achieved through the selective inhibition of IL-6 activity,
associated with rheumatoid arthritis, psoriasis, and post-through protein or peptide antagonists of IL-6.
menopausal osteoporosi).( While IL-6 also plays a major IL-6 belongs to a family of four-helical bundle cytokines
role in the advancement of multiple myelon®, (it has been  and growth factors with the up-up-down-down topology
shown recently that a virally encoded homologue of IL-6 originally predicted by Bazar8], and confirmed by structural
(6) is an apparent means by which Kaposi's sarcoma- studies 9—12). Many chimeric and mutagenic studies have
associated herpesvirus (KSHV) can trigger the onset of gefined three receptor binding sites, wheit | binds the

multiple myelomaT). This viral IL-6 may play similar roles  specific IL-6 receptor (IL-6R), andites llandlll bind to a
in other diseases which are associated with KSHV inClUding second cell surface receptor, gp130 (reviewed |r13)ef

: : IL-6 binds with low affinity to IL-6R to form a binary
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NaCl, pH 7.4); RP-HPLC, reversed-phase high-performance liquid two molecules each of IL-6, IL-6R, and gp1305 19,

chromatography; SEC, size-exclusion chromatography; ST&g8al although a model of a 1:1:2 complex, containing one
Transducer andctivator of Transcription 3; TFA, trifluoroacetic acid. ~ molecule each of IL-6 and IL-6R and two molecules of
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gp130, has also been proposéd)( There have been many ice until they were used in @gnal Transducer andéctivator
observations of IL-6 dimers in preparations from natural and of Transcription3 (STATS3; 25) phosphorylation assag4).
recombinant sourcesl8, 19 as well as in cross-linking  Induction of tyrosine phosphorylation of STAT3 in human
studies of the cell surface ternary compl@d); Although hepatoma HepG2 cells was performed as described previ-
these dimers have not been well characterized, it has beerously 4), except that the cells were stimulated with I1L-6
proposed that IL-6 dimerization plays a role in the formation for 50 min on ice. Samples were immunoprecipitated using
of the ternary complex1@, 21, 23, and several current  phosphotyrosine antibodies (UBI, Lake Placid, NY), analyzed
models of the 2:2:2 ternary complex suggest the contact of under reducing conditions on precast2D% SDS gels

the two IL-6 molecules 16, 23. (Novex, San Diego, CA) using SeeBlue prestained standards,
We have shown recently that a noncovalently linked, and transferred to polyvinyl difluoride membrane (Bio-Rad).
dimeric form of Escherichia coliderived human IL-6 (IL- ~ Tyrosine-phosphorylated STAT3 was visualized using anti-

6p) interacts with the extracellular portion of IL-6R (sIL- STAT3 antibodies (Transduction Laboratories) followed by
6R) in a 1:2 complex, compared with the 1:1 complex formed peroxidase-conjugated goat anti-mouse immunoglobulin and
by monomeric IL-6 (IL-6,) and sIL-6R (5) both in solution, enhanced chemiluminescence. Densitometric scanning was
as detected by size-exclusion chromatography and sedimenperformed on a model 300 Series Computing Densitometer
tation equilibrium analysis, and with immobilized IL-6R, as  (Molecular Dynamics, Sunnyvale, CA).

detected by surface plasmon resonance technig2ds ( Analytical Ultracentrifugation Sedimentation experiments
However, the IL-6/sIL-6R complex does not interact further ~were conducted using a Beckman XL-A analytical ultracen-
with soluble recombinant gp13®4). The residual bio-  trifuge equipped with absorption optics, using an An60-Ti
activity associated with IL+6 appears to stem from the rotor with cells containing quartz windows and double-sector
dissociation of inactive IL-6 into active IL-6, at 37 °C, charcoal-filled Epon centerpieces. Equilibrium distributions,
rather than from IL-6 itself (24). Further, a model of the  acquired at 0.001 cm radial increments and averaged over
IL-6 ternary complex from this laboratory, in which steric five measurements, were fitted for molecular weight by
considerations and the Ig-like domains of gp130 play an standard numerical analysis using the program SEDEQ1B
important role, suggests that the two IL-6 molecules do not (kindly provided by Dr. A. Minton, NIH, Bethesda). The
make any contacBj. This ability to bind to IL-6R without  partial specific volume of IL-6 (0.73 cffg) and solution
activating gp130 suggests that a stable, covalently linked densities were calculated using the program SEDNTERP
form of IL-6p would form a potential antagonist for IL-6  (26). Sedimentation coefficients were calculated from ab-

activity. sorbance scans taken during the approach to sedimentation
In this paper, we show that ILg6is an antagonist under ~ €quilibrium, and analyzed using the program SEDRIT)(
conditions where it does not dissociate into l,-6We have Prediction of Sedimentation CoefficientsTheoretical

undertaken a full characterization of llg@nd find that it sedimentation coefficients for IL-6 monomer and dimer were
is a metastable dimer which dissociates when the protein iscalculated as follows. Simple computer modeling (Insightll;
partially unfolded. Moreover, we show that the dimer is a Biosym Technologies, San Diego, CA) was employed to
long rodlike structure composed of two monomer-like four- construct two dimer models using the coordinates of a
a-helical bundles which make contact through the region homology model of monomeric mouse IL-B8) which was
close to Trp157 at the ends of each bundle distal from the based on the crystal structure of human granulocyte colony-
N- and C-termini of the protein. From these studies, we Stimulating factor (G-CSF29). The two dimer models
propose that the dimer may be stabilized by the interchangerepresent two extremes long “end-to-end” dimer, and a
of identical helices (the D or the C, D, and E helices) between More compact “side-to-side” dimer (no molecular dynamics

bundles via the loop regions near Trp157. or energy minimization steps were taken). The monomeric
and two dimeric structures were used to generate corre-
MATERIALS AND METHODS sponding bead model8) where equal sized beads were

) ) ] placed at the coordinates of thecarbons so that the weight

Production of Recombinant IL-6Recombinant human  anq density of the resulting model equaled those calculated
IL-6 was produced inEscherichia coliand purified as  from the amino acid composition. These models were used
described previously 15). Protein concentrations were  tg calculate theoretical values for sedimentation and trans-
estimated by the absorbance at 280 nm using an extinctionjational diffusion coefficients using the program HYDRO
coefficient of 0.47 cm* mg™* mL. and the method described by Garcia de la Torres e8a). (

Isolation of IL-& and IL-64. Lyophilized IL-6 was  Values used for the molar mass and hydration of IL-6 were
dissolved in water at protein concentration$ mg/mL, and calculated as described by Laue et 26)(
IL-6m and IL-6 were isolated using size-exclusion chro-  Spectroscopic Measurementall spectral measurements
matography (SEC) on a 300 10 mm Superosel2 column  were made in the presence of PBS. Fluorescence data were
(Pharmacia, Uppsala, Sweden) using a Perkin-EImer seriescollected on a Perkin-Elmer LS5 luminescence spectropho-
4 liquid chromatograph at room temperature. Proteins were tometer using 0.5 cm path length cells at Z5and 5 nm
eluted with 150 mM NacCl buffered with 20 mM phosphate  slit widths. The excitation wavelength was 295 nm, and the
at pH 7.4 (PBS) and detected by the absorbance at 215 ofemission was monitored from 320 to 360 nm. Circular
280 nm. Relative quantities of ILgfand IL-6 were dichroism measurements were performed atQaising an
estimated by measurement of peak heights. Aviv Model 62DS (Lakewood, NJ) CD spectrometer. All

STAT3 Phosphorylation Assa¥ollowing isolation of IL- spectra are reported in terms of mean residue ellipticity,
6w and IL-6 by SEC, to prevent temperature-induced [®]wrw. Far-UV CD spectra were recorded using a 0.1 cm
dissociation of IL-6 into IL-6y, the proteins were kept on  pathlength cell with protein concentrations of 0.1 mg/mL,
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using an averaging time of 2 s, a bandwidth of 1 nm, and a  nL-6,, (nM): 0 08082 2 5 5 0
step size of 1 nm. Reported spectra are the average of three

scans with baseline subtractions. Estimates of secondaryh'L'eD (5 nM): R A

structural content were made using the reference spectra of Mg

Yang et al. 82) and a multilinear regression program ‘;8 _

(Prosec) supplied by Aviv. Near-UV spectra were recorded I-“' | ~ <+

using a 1 cmpath length cell with protein concentrations of 64 — |

0.5 mg/mL, using an averaging time of 10 s, bandwidth of 50 —

0.5 nm, and step size of 0.2 nm. Reported spectra are

baseline subtracted. < ) S M —
Urea-Induced Unfolding.Urea-induced unfolding of IL-

6v and IL-6& was monitored by the changes in the CD signal 16 —

at 222 nm as a function of urea concentration using protein
concentrations of 0.050.1 mg/mL. These same samples
Wbe re anafltyzeld6fﬁr IL'2@8/”a'6D cc;rétten;b)l/ SEC as dgs_,crlb(?cd 6y and/or IL-&. Human hepatoma HepG2 cells were treated for
above, after or ays at@. Relative quantities of 50 min on ice with various concentrations of lk-én the absence
IL-6p and IL-6 were estimated using maximum peak or presence of 5 nM IL as indicated. The cells were then lysed
heights, and the percentages of If.+@maining are reported, and immunoprecipitated with anti-phosphotyrosine antibodies,
assuming that the percentage of Ibi6 the absence of urea  followed by immunoblot analysis using anti-STAT3 antibodies, as
was 100% outlined under Materials and Methods. Tyrosine-phosphorylated
] o ) STATS is indicated by the arrow.

Dissociation of IL- at 37 °C or in Urea at 25°C. The
dissociation of IL-g into IL-6w in PBS at 37°C was Table 1: Sedimentation Analysis of ILs6and IL-6
monitored by SEC. Stock solutions of Ilz€at protein temp MW MW® S0 (9) oonf (5)  axial

1 2 3 45 6 7 8
Ficure 1: Tyrosine phosphorylation of STAT3 in response to IL-

concentrations of 0.048 and 0.48 mg/mL were placed at 4 (°C) (sed eq) (comp) (sed velocity) (theory) ratic
or 37 °C, and aliquots for each time point were analyzed L6 4 21400 21900 23 511 Ta
. . . . -Om . . .
immediately, or were kept at 4C until analysis could take | .6, 4 42400 43800 32 3.26(2.97) 35
place. Relative quantities of ILygand IL-65 were estimated IL-6y 20 22500 21900 2.2 2.11 2.2
using maximum peak heights, and the percentages ofIL-6 IL-6o 20 40800 43800 31 3.26(2.97) 3.6

remaining are reported. The urea-induced dissociation of aMolecular weights (MW) and sedimentation coefficiersis,() were
IL-6p in PBS at 25°C was also assessed by diluting Ib-6  determined from sedimentation equilibrium and sedimentation velocity
into PBS or PBS containing 3 or 5 M urea (final concentra- mﬁ%sugfrgfgt?nl;flnga?evgél:& l;fééh?opsl;t:lg'lsrgi/lcgllgc\ﬁgimv\?egh?-737
tlons)‘_ At selected tlm? points, an aliquot of these urea ,StOCdeetermined from ;%ino acid compositicriTheoretical values for the
was diluted 10-fold with cold PBS and kept at’@ until sedimentation coefficients calculated using bead moda® &nd
measurements of ILypand IL-65 could be made using SEC.  assuming a side-by-side arrangement for the dimer. Values in paren-
To examine whether the removal of IL-6 from urea during theses refer to theoretical values for the end-to-end médéle axial

the SEC analysis had any efecton he issociaon process{a V25 SSuies 1 e xpeinentaly seermined oo
we ran the SEC C‘?'“m“ in PBS, pH 7'_4,' Conta',mng 3 M (0.41 g/g) calculated from the amino acid compositid@®)(and
urea. Samples which had been pre-equilibrated in 3 or 5 M assuming a prolate ellipsoid.

urea showed identical ILy8IL-6p ratios when the elution
buffer contained no urear@ M urea. Samples which had
been equilibrated in the absence of urea showed a decreas
in the relative amounts of dimer only when the elution buffer

containgél 3 M urea.

gissociation into active IL+6 (24). As shown in an assay
dsing human hepatoma HepG2 cells (Figure 1), stimulation
of the cells for 50 min on ice with IL (5 nM) yielded no
. . ) , induction of tyrosine phosphorylation above the background
Limited Proteolytic Digestion.Samples were incubated  gjona| from STAT3. By contrast, densitometric scanning of
with thermolysin (Boehringer Mannheim, Mannheim, Ger- ne pands corresponding to phosphorylated STAT3 showed
many) using a 1:20 mass ratio of enzyme to substrate, using »_ 3 5. and 4.2-fold increases over background for 0.8,
a sample buffer of PBS or 20 mM Tris-HCI, 150 MM NaCl, 5 514 5 nm IL-6;, respectively. In the presence of 5 nM
pH 7.4, at 25°C in the presence or absence of urea. Samples”_’_6D the increas,es above background for 2 and 5 nM IL-
for each time point were analyzed by reversed-phase high-g_ \yere 1.4- and 2.6-fold, respectively, whereas for 0.8 nM
performance liquid chromatography (RP-HPLC) on an ) g 'ng increase above background was apparent.
Hewlett-Packard 1090A liquid chromatograph utilizing & Analytical Ultracentrifugation. Sedimentation equilibrium

TFA/acetonitrile gradient. analysis in PBS and at 4C of IL-6y and IL-& at starting
RESULTS concentrations of 0.29 and 0.54 mg/mL, respectively, yielded
experimentally determined molecular weight values close to
IL-6p Is an IL-6 Antagonist under Conditions Where It those predicted for the monomer and dimer (Table 1). These

Does Not DissociatelL-6p is formed in a concentration- samples were subsequently equilibrated at 2D and
dependent manner when lyophilized recombinant hiIL-6 is reanalyzed by sedimentation equilibrium. The close agree-
reconstituted in water. At 1 mg/mL, 5 and 10 mg/mL IL- ment of the molecular weights to those estimated from the
6p levels constitute 510%, 70%, and 100%, respectively, amino acid composition indicates that both the monomer and
of the total hIL-6 population. Our previous results suggested the dimer are relatively stable under these conditions. The

that the biological activity of IL-§ at 37°C is due to its experimentally determined molecular weight of 15-&t 20
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°C is slightly lower than that predicted at 28C or 4.0x10*
experimentally determined at 4C (Table 1). This may
represent low levels of dissociation of Il@ccurring over
the course of the experiment (16 h).
We wanted to extend the analysis of these sedimentation
studies to estimate the gross structures for jLa@d IL-6.
The sedimentation coefficient of a molecule depends on the
frictional coefficient,f, which is a function of the size and
shape of the molecule38). As a molecule deviates from
an ideal spherd,increases and the sedimentation coefficient,
s, decreases accordingly. Theoretically, it is possible to
distinguish experimentally between a long narrow rod-shaped 3.0x10° : : : i
molecule and a more globular molecule. Scans taken during 200 210 220 230 240
the approach to equilibrium at C and at 20°C were Wavelength (nm)
analyzed to obtais in water at 20°C (S0, for IL-6)y and
IL-6p corrected for the effects of temperature on solution
density and viscosity (Table 1). Knowledge of the molecular
weight andsy , Values allowed estimation of the axial ratios
for an equivalent prolate ellipsoid. The values obtained for
IL-6) indicate an axial ratio of approximately 2, consistent
with the structure of hiL-6 revealed through X-ray crystal-
lography (0) and NMR analysis¥2). The increase in the
axial ratio determined for IL (3.5 at 4°C and 3.6 at 20
°C) suggests a more elongated structure compared t@IL-6
We further analyzed the sedimentation behavior of |.-6
and IL-6 using a method which predictsg,, values 81)
from bead models created from the PDB coordinates of 250 260 270 280 290 300 310
proteins with known structure3(Q). For this purpose, we Wavelength (nm)
used a model of the murine IL-6 monome®| and simple  Fgyge 2: Circular dichroism analysis of ILg$and IL-6. The
“side-to-side” and “end-to-end” dimers based on this mono- CD spectra of IL-§ (O) and IL-6, (M) were performed in PBS at
mer to represent ILsand IL-&. Although the crystal and  25°C. Panel A shows the far-UV CD spectra at protein concentra-

solution structures of hiL-6 have been determingd, (L2, 3?“3 of Oilemg/mIt_ USi?g O-tl cm pathletngtt.h Ce”?-opg‘”d/B SLhOY;ﬁ

; ; : e near-UV spectra at protein concentrations of 0.5 mg/mL wi
at t.he time of the eXpe_”mem the coordinates were not 1.0 cm pathlength cells. All spectra were baseline corrected, were
available. However, predictegh, values for IL-6 compare standardized for protein concentration, and are expressed in terms

favorably to those obtained experimentally (Table 1), sug- of mean residue ellipticity.
gesting the presence of a compact structure and showing that
the mIL-6 model is a good approximation of IL6or these far-UV CD spectra of both proteins are essentially super-
purposes. The experimental data for the dinsgy(= 3.2 imposable (Figure 2A), exhibiting the double minimum at
S at 4°C and 3.1 S at 20C) fall between those values 208 and 222 nm typical of mainkg-helical proteins, where
predicted for side-by-sidesf, = 3.26 S) and end-to-end both proteins contain 50%-helix, 25% S-turn, and 25%
(S20mw=2.97 S) models. The results argue against significant random coil. Although IL-§ has a slightly increased
unfolding in the dimer and suggest a relatively compact negative signal in the near-UV region, there are no sig-
structure of the dimer somewhere between the two structuralnificant features which distinguish these two spectra (Figure
extremes. We compared the predictachlues for pairs of  2B).
proteins with known structures which are closely related but  The Intrinsic Fluorescence of ILg6ls Quenched. In
which are monomeric and dimeric, respectively. These contrast to the CD spectra, the tryptophan fluorescence
include the foure-helical bundle proteins granulocyte mac- emission spectra (excitation 295 nm) of li-énd IL-6, do
rophage colony-stimulating factoB4)/IL-5 (35) and inter- show significant differences (Figure 3A). IL-6 contains only
feron g (36)/IL-10 (37, 38, as well as thgg-sheet proteins  one tryptophan residue, Trp157, located at the N-terminal
yB-crystallin 39)/fB2-crystallin @40). These data (not end of the D helix which is apparently surface-exposk (
shown) show that predictesivalues for dimers depend very 12, 42. The intensity of the emission spectra of Ib-&
much on the size of the dimer interface and the angle betweendecreased by approximately 30% from that of ll,-6vhile
the two halves of a dimer. the wavelength maximuni sy of IL-6p (348 nm) is blue-
IL-6ym and IL-6; Have Identical Leels of Secondary and  shifted in comparison to that of ILy6(351 nm). There was
Tertiary Structure. While far-UV CD spectroscopy gives  no evidence of the tryptophan residues from the two separate
information about the secondary structural content of a polypeptide chains of IL-§being in different environments,
protein, the near-UV spectrum is a useful probe of tertiary such as the appearance of shoulders or a discernible
structure, reporting on the environment of aromatic or broadening of the peak around thexwhich would indicate
cysteine side chaingtl). We compared both the far- and a different maximum emission wavelength for each tryp-
near-UV CD spectra of IL+ and IL-&, to investigate gross  tophan, suggesting that the dimer is symmetrical.
and fine changes in the formation of ll-@Figure 2). There To investigate the fluorescence phenomenon, we looked
are no significant differences observed in either case. Theat the tryptophan quenching of ILyGand IL-6& using iodide,
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Ficure 3: Tryptophan fluorescence of ILgy6and IL-65. (Panel
A) The fluorescence of IL+6 (—) and IL-& (:-+) was scanned from
320 to 360 nm. (Panel B) Tryptophan fluorescence of |L(®)
and IL-& (W) was quenched usiniy-methylnicotinamide. Data
are presented asFlo — Flg) vs 1/[N-methylnicotinamide], where
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([D] 504 OCcurring at 6.6 0.1 M urea. When data are fitted

to conventional two-state unfolding equatiodg<{46), the

free energies of unfoldingAG,n, range from 5.0 to 7.4
kcal-mol, depending on whether denaturant-dependent pre-
and posttransition base lines are used. These relatively low
values ofAG,ns (When compared with relatively high values
of [D]sow) Stem from low values ofn, the slope of the
unfolding curve in the transition regiom(= 1.0 + 0.2
kcalmol~1-M™1), suggesting that unfolding is relatively
uncooperative, or deviates from two-state unfolding. This
is consistent with our previous observations that mlL-6
undergoes non-two-state unfolding at pH 744-(48).

The relative monomer/dimer contents of these H -6
samples were determined using SEC (Figure 4, right-hand
abscissa). Here it can be seen that jdssociates into its
monomeric components in a sigmoidal fashion well before
the major unfolding phase of the protein at 6.0 M urea, with

Flo is the fluorescence emission intensity at 350 nm in the absencethe midpoint of dissociationt88 M urea.

of quencher and Rlis the fluorescence emission intensity at 350
nm at a given concentration ®-methylnicotinamide. Data are
fitted to a linear equation. All data were collected at’®5in PBS
using an excitation wavelength of 295 nm, pathlength of 5 mm,
slit widths of 5 nm, and protein concentrations of 0.1 mg/mL.
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Ficure 4. Urea denaturation of IL-6 and concomitant dissociation
of IL-6p. The equilibrium urea-induced denaturation of l\-@illed
circles) and IL-6 (filled triangles) in PBS was monitored by the

CD signal at 222 nm (left-hand abscissa). The same samples wer
subjected to size exclusion chromatography, and the relative

guantities of IL-6 remaining (open triangles) are also plotted (right-

Experiments using fluorescence emission to quantitatively
monitor the unfolding of IL-§ and IL-& are inconclusive
because only small changes occur with respect to the
fluorescence emission intensity aigax (data not shown).
However, in qualitative termsimax of IL-6p (348 nm)
undergoes a red shift with increasing concentrations of urea
to converge with théax of IL-6 (351 nm) ly 4 M urea,
after which the two proteins become indistinguishable,
undergoing the red shift dfnax typical of global unfolding
(49) abowe 6 M urea, which is consistent with IL;6
dissociating prior to the total unfolding of the protein. We
do not observe the unusual fluorescence characteristics
exhibited by mIL-6 under the same equilibrium unfolding
conditions 46), which are attributable to a second tryptophan
residue at position 34 in that proteid®. Indeed, the
fluorescence-monitored unfolding of hlL-6 resembles that
of a mIL-6 mutant protein in which Trp34 has been mutated
to alanine 47).

Dissociation of IL- by Increased Temperature or the

resence of Urea.Previous observations have shown that
IL-6p maintained at £C is stable; at 25C, IL-6p is stable

hand abscissa). Protein concentrations for experiments representetbr up to several hours, but at 3T, it dissociates into IL-

by up triangles were IL = 0.1 mg/mL and IL-§ =0.05 mg/
mL, and for down triangles were ILg6= 0.06 mg/mL and IL-
= 0.05 mg/mL.

acrylamide, andN-methylnicotinamide, where the latter
compound can align with a fully exposed tryptophan side
chain to form a charge-transfer complef3). However,

6u (Figure 5A). There were no discernible differences
between the dissociation at protein concentrations of 0.48
and 0.048 mg/mL, but the resultant dissociation rates do not
fit to a simple two-state dissociation model. Control data,
where IL-& is incubated at 4C, show no dissociation over
the same time scale. Given that urea can also cause the

none of these compounds showed differential quenching of dissociation of IL-6, we examined the rates of dissociation

IL-6p and IL-6& (data for quenching byN-methylnicotin-

amide are shown in Figure 3B), suggesting that Trp157 is containing 3 © 5 M urea at 25°C.

equally solvent-exposed in the two forms of the protein.
IL-6p Dissociates Prior to Complete Unfolding of the

Protein. We looked at the thermostability of ILypand IL-

6p by equilibrium urea-induced denaturation monitored by

the change of CD signal at 222 nm. Having previously

caused by the 10-fold dilution of IL¢finto buffer or buffer

In these cases,
dissociation into IL-§ occurred at a rate which approximates

a double exponential decay (Figure 5B; Table 2). The rates
of both phases of decay and the amplitude of the faster rate
all increase with increasing urea concentration; however, the
amplitude of the slower rate decreases with increasing urea

observed that IL-6 dissociates at moderate temperatures (37 concentration. The dissociation of the dimer in the absence

°C) or in the presence of denaturant or organic solva4y (

of urea suggests that ambient temperature can affect mono-

we sought to also determine the extent of dissociation mer formation, but that it is greatly enhanced by the presence

throughout the denaturation of ILy@using SEC. There are

of denaturant. At present, we are unable to ascertain the

no observable differences in the urea-induced unfolding of cause of the slower rate, but suggest that the faster rates are

IL-6p and IL-6y (Figure 4, left-hand abscissa). Both proteins
exhibit a flat pretransition base line, followed by a fairly

related to the extent of unfolding in the protein. In a separate
experiment, IL-§ in PBS was diluted 5-, 10-, or 20-fold

broad unfolding transition with the midpoints of unfolding with PBS. After 1 ad 5 h at 25°C, the dimer contents of
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Ficure 5: Time course for the dissociation of Ily@&t 37°C and
by urea at 25C. (Panel A) IL-§ at 0.048 mg/mL (squares) and
0.48 mg/mL (circles) was placed at 3T (solid symbols) and 4
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structural detail, such as conformational changes in folding
intermediates (reviewed in r&0). Initially we performed
limited proteolysis of the monomer and dimer at 25,
taking samples over a series of time points from 1 min up
to 2 h, and using several broad-spectrum proteases (trypsin,
pepsin, and thermolysin). With this approach, we hoped to
find clearly defined differences in the accessibility of the
two forms of IL-6 to proteases, which could help us to
identify the dimer interface. However, the RP-HPLC profiles
of partially digested IL-g and IL-64 were identical (data
not shown). Given that ILdissociates at low to moderate
concentrations of urea, we also looked at the limited
thermolytic digestion of IL-§ and IL-& in increasing
concentrations of urea, looking for new sites of proteolytic
attack which would represent differences between the
monomer and dimer as the proteins unfold. Although the
partial proteolysis of IL-§ and IL-& was examined over a
large range of urea concentrations, we were unable to detect
any such differences. We were able to identify cleavage
sites from the partial proteolysis of ILy6and IL-6& at low
concentrations of urea, using N-terminal sequencing and/or
mass spectrometry of the resultant peptides (data not shown),
which were scattered over most of the surface of the protein.
These data suggest that the surface area buried by the dimer
interface must be small.

DISCUSSION

Antagonistic Behaior of IL-6p. We have previously
shown that IL-6 is biologically active at 37C, albeit with
an 8-fold lower activity than IL-Q, and proposed that this
was due to the dissociation of the inactive Ih-tto the
active IL-6y at 37°C (24). Using the same STAT3 tyrosine

°C (open symbols) and analyzed for dimer vs monomer content by phosphorylation assay on ice, where there is essentially no
SEC at the indicated time points. Data are shown as line plots anddissociation, we now clearly show that Ilg-6exhibits

are not fitted to any equation. (Panel B) lg-8vas diluted into
PBS containig 0 M (W), 3 M (O), and 5 M @) urea at 25°C.
Aliquots taken at the indicated time points were analyzed for dimer
content by SEC. Data are fitted to a double exponential decay.

Table 2: Rates of Dissociation of IL,éin PBS or PBS Containing
3 or5M Urea at 25C

[urea]
(M) A2 R:2(min™1) AR R2 (min™1)
0 14+2 0.024+0.009 85+2 (1.1+0.1)x 10*
3 28+3 0.1+0.05 55+2 (3.3+0.6)x 10
5 32+1 0.34+0.04 40+1 (5.44+05)x 103

2 The dissociation of IL-6 was induced by diluting IL-6 into the
indicated concentrations of urea at time zero. The relative quantities
of IL-6p and IL-64 at each time point were estimated by SEC. Rates
and amplitudes of the dissociation of ll-@vere calculated by fitting
the percentages of ILg6remaining to a double exponential decdy:
= A exp(—Rut) + Az exp(—Rit), whereD is the percentage of IL6
remaining,t is time in minutes, and\, is the amplitude of the faster
decay,Ry, while A; is the amplitude of the slower decdy,.

all three diluted solutions were indistinguishable from that
of the nondiluted control solution (data not shown).
Limited Proteolysis. Limited proteolysis was employed
to further investigate possible differences betweenylafd
IL-6p and to try to define the dimer interface. Limiting
proteolysis to restrict cleavage to accessible and flexible

negligible activity. In addition, it can prevent ILy@activity,
and is thus shown to be an IL-6 antagonist.

The Foure-Helical Bundle Structure of IL+$ Is Main-
tained in IL-&. Other than the obvious increase in molecular
weight and the change in axial ratios estimated from
analytical ultracentrifugation studies and the different fluo-
rescencelmax values, the physical characteristics of Ij4-6
and IL-6&, are essentially identical. Both proteins exhibit
the behavior of compact proteins in analytical ultracentrifu-
gation studies; they contain identical levels of secondary and
tertiary structure, have identical urea denaturation profiles
as monitored by far-UVv CD, and show the same patterns of
limited proteolysis by a number of proteases. All of these
properties suggest that ILs&omprises two IL-§ subunits,
joined in a manner which does not perturb the basic structure
of the foura-helical bundle. The ability of IL-6 to bind
two receptor molecules2f) and our inability to detect
differentAmax values for the Trp residue in each protein chain
of the dimer suggest that the Ilz6s symmetrical.

Fluorescence Properties Imply That Trpl57 Igdived
in the Dimer Interface.The fluorescencgmax of IL-6 was
shifted to a shorter wavelength in Ils§Figure 3A). Such
blue-shifts are normally associated with the transfer of the
tryptophan side chain into a more hydrophobic environment

regions of a protein can be used as a conformational probeand would usually, but not always, be associated with an

(50). This approach has been used previously to identify
separate domains of large proteins, or to determine fine

increase in emission intensit49). However, the inability
to differentially quench tryptophan fluorescence in I{.-&nd
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IL-6p (Figure 3B) using several small molecule external T

quenchers suggests that Trp157 is not buried by the dimer My i ZMW « 2My
interface. It is likely that the blue-shift ilyn.x and the | $ ;

reduced emission intensity of ILp@are caused by residues !

which can quench tryptophan fluorescence being brought into D < | D .

the close proximity of Trp157 as a result of dimer formation,

either from the opposite chain or as a result of local
conformational changes in the same chain. While histidine —_— ﬁgﬁ”‘dﬂ;ﬁﬁ;mg
and cysteine are often recognized as residues which cal - . .
y 9 r\:IGURE 6: Scheme for the formation and dissociation of I4.-6

quench tryptophan fluorescence, proline, methionine, partially unfolded intermediates. M is the monomer, D is the dimer,

glu_tamine,_ asparagine, c_':lrginine, serine, threoni_ne, glycine,F represents fully folded state, U represents fully unfolded state,
lysine, valine, and alanine can all do so, albeit to lesser and | represents partially unfolded or intermediate state (or states).

extents 61, 5. Potential quenching residues which are The boxed area indicates where dimerization/dissociation takes
located at the top of the molecute?) include Cys44, Asn45, place. The arrow indicates increased free energy of the system.
Lys46, Asn48, Met49, Cys50, GIn152, GIn154, Asnl155,
GIn156, and GIn159. It might be expected that changing
the microenvironment of a tryptophan residue as a result of
dimerization should have an effect on the near-UV CD
spectrum of IL-6. However, each IL-6 protein chain
contains four Cys residues (which form two disulfide bonds),
three Tyr, and seven Phe residues which can also contribute
to the near-UV spectrund{) and which could obscure any
effects related to Trp157 in ILg6 Thus, Trpl57 probably
lies close to, but is not buried by, the dimer interface.

The ability of IL-65 to bind the sIL-6R, but its inability
to induce the formation of a hexameric IL-6/sIL-6R/sgp130
complex @4), provides further information for the identifica-
tion of the IL-& interface. Site |, which binds the IL-6R
and encompasses part of the A/B loop and the C-terminal y -
end of helix D (reviewed in reB), is clearly not affected by model | model Il model Il

dimer formation. However, itis likely thate Il, comprising Ficure 7: Possible dimer formation through the top of the IL-6

residues in the A and C helices, andéde Ill, encompassing  mglecule. Models shown are sketches only, where long rectangles
residues from the A/B and C/D loops and the N-terminal represent helices (labeled). Binding sites are indicated on one four-

end of helix D (reviewed in re8), are probably obscured a-helical bundle unit only, but apply equally to all bundle units.
by the dimer interface, either by direct involvement in the Two separate polypeptide chains are represented by white/light gray
interface or by steric effects. Notably, Trp157, which is and dark gray, respectively.
implicated as lying close to the dimer interface by fluores- Dissociation occurs fairly slowly (Table 2; Figure 5), while
cence studies, is also closedite Ill. differential scanning microcalorimetric experiments (data not
Nature of the IL-§ < IL-6p Equilibrium. The dissocia-  shown) reveal no differences between the thermal denatur-
tion of IL-6p occurs under conditions where the protein is ation of IL-6y and IL-6&, indicating that the monomer and
partially destabilized (e.g., at moderate temperatures or indimer probably have similar free energies, but are separated
the presence of moderate concentrations of denaturant), buby a reasonably high kinetic free energy barrier.
not fully unfolded (Figure 4). That IL# is formed by IL-6p May Form a 3D Domain-Swapped DimefThe
reconstitution from a lyophilized state suggests that dimer- fluorescence data and antagonistic behavior ofglcieéarly
ization of IL-6y also occurs when the protein is partially indicate that the dimer interface lies close to Trp157 at the
unfolded. Oligomeric proteins have been described astop of the molecule (away from the N- and C-termini of the
generally forming by the association of preformed monomers protein). Estimates of axial ratios derived from experimental
with some intramolecular rearrangement to achieve maxi- s values suggest that ILp6is rodlike rather than globular.
mum packing density and minimum hydrophobic surface area The simplest interpretation of these data is that Li§
(53). However, there are many instances where dimers form formed by the contact of two ILy$ molecules through the
either by a two-state mechanism, where the protein existstop of each monomer (Figure 7, model I). Another member
only as unfolded monomers or a folded dimer, or by a three- of the fouro-helical bundle family, CNTF is biologically
state mechanism, where monomerization/dimerization takesactive as a monomer, but forms a noncovalent dimer at
place when the protein is in a partially unfolded state protein concentrations>0.9 mg/mL 65). The crystal
(reviewed in ref54). The dimerization/dissociation of the structure of dimeric CNTF shows it to be formed by the
IL-6 process probably follows a scheme such as that showncontact of two monomers arranged in a “top-to-tail” fashion,
in Figure 6, where the folded (F) monomer or dimer is where a large dimer interface (1038)As formed by the
destabilized to form a partially unfolded intermediate (1) state contact of residues in the B and C helices of opposite protein
(or collection of states) which contains nativelike levels of chains (Table 355), i.e., a compact “side-to-side” dimer.
a-helix, dimeric forms of which will be favored at high  While the existence of a closely related contact dimer might
protein concentrations-2—3 mg/mL) and monomeric forms  appear to support a simple model for Ik-@-igure 7, model
of which will be favored at low concentrations 2 mg/mL). ), it has been experimentally shown that the topology is

® Trpi57
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Table 3: Domain-Swapped and Other Dimeric FodHelical Bundle Proteins

disulfide angle between swapped elements
proteirt bonds site of dimer interfabe dimer halves (deg) in each bundle active form
Domain-Swapped

IL-5 2 bottom ~180 chain: A, B, C, andp: dimer
chain: D andf,

INFy - side-by-side, C 55 chain A, B, C, ando dimer
chain: o and D

IL-10 - side-by-side, C 55 chain A, B, C, andoy dimer

chain: o, and D

Non-Domain-Swapped
M-CSF 1 top 180 none dimer
CNTF - top-to-bottom, B and C helices antiparallel none monémer

a References for protein structures are as follows: 1L35);(INFy, (58—60); IL-10 (37, 3§; M-CSF (66); CNTF (55). ® The following terminology
is used to describe the structure of the members of thedelelical bundle cytokine family. The four main helices, starting from the N-terminus,
are referred to as A, B, C, and D. Additional helices @hstrands are referred to as andp,, respectively, if they occur in the AB loop and
o andp; if they occur in the C-D loop (note: helix E in IL-6 corresponds to helix). The bottom of the helix is that end of the foarhelical
bundle which contains the N-terminus of the A and B helices and the C-terminus of the C and D helices, while the “top” is that end of the
four-a-helical bundle which contains the C-terminus of the A and B helices and the N-terminii of the C and D helices.r€fhainto the first
polypeptide chain in each four-helical bundle; chainrefers to the second polypeptide chain in each fmdrelical bundle® The CNTF dimer is
formed at protein concentrations0.9 mg/mL, but has a large dimer interface of 1038ahd appears to lack the metastable nature ofjI(55).

likely to be more complex. First, we were unable to detect (stretches of the protein chain between the swapped elements)
differential susceptibility of IL-§ and IL-6 to limited plays an important role in determining whether the mono-
proteolysis, either in buffer or in buffer containing urea, and meric or 3D domain-swapped form of the protein is stable
cleavage sites identified to date are scattered over most of(57).
the surface of the molecule, suggesting that the dimer The top of IL-6 contains three loop regions (between
interface is small. Second, the dimer interface of IL-6 helices A and B, B and C, as well as E and D), providing an
appears to involve the top of the molecule close to Trp157 obvious means by which two monomers could maintain
rather than the side of the foar-helical bundle. Third, IL- secondary and tertiary structural content, but could inter-
6p is metastableit dissociates only under conditions where change helices to become a domain-swapped dimer which
the protein is destabilized or partially unfolded (e.g., by blockssite Il (Figure 7, models Il and 1ll). At present, we
increased temperature or the addition of denaturant), but notcannot distinguish between an arrangement involving only
simply as a result of dilution. It seems unlikely that such a the interchange of the C, E, and D helices through a
stable dimer could be formed through a small dimer interface. conformational change in the-BC loop (model Il1), or an
In the case of two other foux-helical bundle cytokines  exchange of only the D helices through a conformational
which form stable dimers through an interface at the ends change in the short loop between the E and D helices (model
of the bundle, macrophage colony-stimulating factor dimer II).
(M-CSF; 56) is linked by interchain disulfide bonds, while Role of Cytokine Dimers in Cell SignalingVhile receptor
IL-5 (35) forms interchain disulfide bonds, and additionally dimerization is understood to be the method by which
interchanges elements of secondary structure between bundlesytokines trigger cytoplasmic signaling cascadés, (62,
(Table 3) to form an extremely large dimer interfaser000 the role of cytokine dimers is less clear. Several cytokines
Az 35). are active as dimers (including IL-5, M-CSF, IFNL-10).
Given the above properties of ILy@&nd that dissociation  In other systems such as IL-61F, 16§, CNTF (63),
(and presumably formation) of ILg6occurs when the protein  interleukin-11 64), and G-CSF &5, 66, each receptor
is partially destabilized or partially unfolded but retains complex appears to contain two molecules of the respective
nativelike levels of secondary structure, suggests thaplL-6 monomeric cytokine, but there is no evidence of contact
may be formed in a manner similar to that of IL-5. One or between these monomers.
more helices in each bundle may be interchanged to form a Cytokine dimer formation could facilitate receptor dimer-
large dimer interface between the two protein chains, ization in these complexes in several different ways. First,
accounting for the stability of IL# but a small interface  dimers could provide a means of extending the number of
between the two bundles, allowing Ilz60 maintain most  sites for the binding of multiple receptors, or for tailoring
of the structural characteristics of Ily6 This phenomenon,  receptor binding. For example, IFNbinds two identical
termed 3D domain-swapping, where at least one secondaryiFN-y a receptors in a symmetrical fashion, leaving sufficient
structural element of a protein is replaced by the same room for the binding of the receptors§0). In the case of
element(s) from an identical protein chain, has been observedL-5, the IL-5 dimer binds a single: receptor (IL-5Ry),
in a number of proteins with very different structures and the binding site appears to lie primarily in one four-
(reviewed in re7), including several other members of the helical bundle, but also partially across the dimer interface,
four-o-helical cytokine family (Table 3): interleukin-359), apparently guiding the binding of the ILfbreceptor to that
interferon gamma58—60), and IL-10 37, 38. It has been same bundleg?). A genetically engineered monomeric form
proposed that 3D domain-swapping is a mechanism by whichof IL-5 has 10-fold less biological activity than dimeric IL-
monomeric proteins can evolve to become stable dimers or5, possibly due to decreased surface area for the binding of
higher oligomers&4, 57, where the length of hinge loops IL-5Ra (68). Second, monomeric cytokines may form
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contact dimers in the signaling complexes, providing ad-
ditional stabilizing interactions. For example, a fourth
binding site has been proposed in IL-6 which would allow
two IL-6 monomers to make contactd). Two models of
the hexameric IL-6/IL-6R/gp130 signaling complex allow
this contact to take placel§, 23, although at present no
experimental evidence has shown that this is the case.
Finally, dimers of normally monomeric cytokines may serve
as storage unitbb, 69 or as a means of recruiting receptor
chains prior to the formation of signaling complex&s)(
Such dimers could form by domain-swapping in a manner
similar to that proposed for IL-6.

We suggest that IL+6is formed by 3D domain-swapping
of one or more helices through the loop regions at the top
of the molecule close to, but not burying, Trp157, where
the interface between the two foorhelical bundle units is

small and the angle between the axes of the two bundles is
at present undetermined. Such an arrangement would explain 24.

both the stability of the dimer in the absence of a large
interface and the structural similarities between |}#nd
IL-6p. It would also leavesite | free for interaction with
IL-6R but would prevent the binding of at least one and
possibly both of the gp130 moleculesgites Ilandlll, by
either direct occlusion or steric hindrance of these sites,
accounting for the antagonistic activity of 1L56
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