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Interleukin-6 (IL-6) is a 185 amino acid cytokine which exerts multiple
biological effects in vivo and whose dysregulation underlies several dis-
ease processes. The solution structure of recombinant human interleukin-
6 has now been determined using heteronuclear three and four-dimen-
sional NMR spectroscopy. The structure of the molecule was determined
using 3044 distance and torsion restraints derived by NMR spectroscopy
to generate an ensemble of 32 structures using a combined distance geo-
metry/simulated annealing protocol. The protein contains five o-helices
interspersed with variable-length loops; four of these helices constitute a
classical four-helix bundle with the fifth helix located in the CD loop.
There were no distance violations greater than 0.3 A in any of the final
32 structures and the ensemble has an average-to-the-mean backbone
root-mean-square deviation of 0.50 A for the core four-helix bundle.
Although the amino-terminal 19 amino acids are disordered in solution,
the remainder of the molecule has a well defined structure that shares
many features displayed by other long-chain four-helix bundle cytokines.
The high-resolution NMR structure of hIL-6 is used to rationalize avail-

able mutagenesis data in terms of a heteromeric receptor complex.
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Introduction

Interleukin-6 (IL-6) is a cytokine originally ident-
ified as a T-cell-derived factor regulating B-cell
growth and differentiation (Hirano et al., 1986). IL-
6 exerts multiple biological effects in vivo including
the induction of acute phase proteins in liver
(Kishimoto, 1989), serving as an autocrine and
paracrine growth factor in the pathogenesis of
human multiple myeloma (Kawano et al., 1988),
and stimulating the recruitment and formation of

Abbreviations used: G-CSF, granulocyte colony
stimulating factor; M-CSF, macrophage colony
stimulating factor; LIF, leukemia inhibitory factory;
OSM, oncostatin M; TNF-a, tumor necrosis factor-o;
CNTF, ciliary neurotrophic factor; EPO, erythropoietin;
IL-6, interleukin-6; GH, growth hormone; NOE, nuclear
Overhauser effect; NOESY, nuclear Overhauser effect
spectroscopy; HMQC, heteronuclear multiple-quantum
coherence; HSQC, heteronuclear single-quantum
coherence; RMSD, root-mean-square deviation; Mes,
2-(N-morpholino)ethanesulfonic acid; TPPI, time-
proportional phase incrementation; CCJ, *C-'3C
J coupling; 2D, two-dimensional; 3D, three-dimensional;
4D, four-dimensional; IFN-f, interferon-p.
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osteoclasts (Ishimi et al., 1990). IL-6 is an important
component of the inflammatory cascade. The
proinflammatory cytokines IL-1 and tumor necro-
sis factor-o. (TNF-o) markedly stimulate the pro-
duction of IL-6 (Van Damme et al., 1987; Mawatari
et al., 1989) while neutralizing antibodies to IL-6
protect mice from lethal challenges of Escherichia
coli or TNF (Starnes et al., 1990). Moreover, dysre-
gulation of IL-6 production has been implicated in
a variety of inflammatory/autoimmune disease
states including rheumatoid arthritis, cardiac myx-
oma, Castleman’s disease, and mesangial prolifera-
tive glomerulonephritis (reviewed by Hirano et al.,
1990).

The pleiotropic biological effects of IL-6 are
mediated through the generation of a heterotri-
meric receptor complex formed by the engagement
of IL-6 with an IL-6-specific receptor subunit (IL-
6Ra) followed by recruitment of an additional tar-
get-cell protein, gpl30 (Kishimoto et al., 1992).
While both IL-6Ra and gpl30 are integral mem-
brane proteins with a single transmembrane do-
main, activation of intracellular signaling
pathways is dependent upon association of an IL-
6/IL-6Ra complex with gp130 (Taga et al., 1989).
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Specifically, IL-6/IL-6Ra induces disulfide-linked
homodimerization of gp130 which alone leads to
activation of the JAK/STAT signaling pathway
(Murakami et al., 1993; Ivashkiv, 1995; Paonessa
et al., 1995).

Thus the final receptor complex, which can med-
iate signal transduction, is believed to be hexame-
ric and composed of two molecules each of IL-6,
IL-6Ra, and gp130 with intermolecular contacts be-
tween all three components (Murakami et al., 1993;
Ward et al., 1994; Paonessa et al., 1995). Residues in
IL-6 critical for specific binding to IL-6Ra or gp130
have been identified by site-directed mutagenesis
(Savino et al., 1993; 1994b; Paonessa et al., 1995).
Several other cytokines, including leukemia inhibi-
tory factor (LIF), oncostatin M (OSM), and ciliary
neurotrophic factor (CNTF), also employ receptors
that are members of the hematopoietin receptor
superfamily and associate with gp130 (or gp130-
like molecules) for subsequent signal transduction
(Kishimoto et al., 1992; Davis et al., 1993; Mott &
Campbell, 1995).

IL-6 is a member of a family of cytokines/
growth factors, which are believed to share a com-
mon topological fold despite limited amino acid se-
quence homology. All of these cytokines are
believed to have three-dimensional structures com-
prised of a core bundle of four a-helices connected
by variable-length loops. Together with, inter alia,
IL-11, IL-12, and erythropoietin (EPO), IL-6 has
been classified into a subfamily of “long-chain”
four-helix bundles which share several structural
features including overall polypeptide chain
length, average length of helices, and characteristic
packing of the antiparallel helical pairs (Sprang &
Bazan, 1993). These predicted structural features
for long-chain four-helix bundles have been largely
confirmed by recent NMR and X-ray crystallo-
graphic studies of growth hormone (GH), G-CSF,
LIF, and CNTF (Zink et al., 1994; Hill et al., 1993;
McDonald et al., 1995; Robinson et al., 1994; Ultsch
et al., 1994). However, the structure of IL-6 has not
been reported. We have pursued the determination
of the three-dimensional solution structure of IL-6
by multidimensional, heteronuclear NMR spec-
troscopy. We have reported on the sequence-
specific assignments, secondary structure analysis,
and overall topological fold for IL-6 (Xu et al,
1996), providing experimental confirmation for at
least some of the structural predictions made for
IL-6. Here, we report the high resolution NMR sol-
ution structure for IL-6, which together with
another report of the X-ray structure determination
(Somers et al., 1997), provides the first experimental
tertiary structure information on IL-6.

Results

Experimental restraints

Essentially all restraints are localized to residues
20 to 185; we have reported that the amino-term-
inal 19 residues of IL-6 are extremely flexible, as

evidenced by observed N T, values (Xu et al.,
1996), and thus fail to yield any restraints useful
for 3D structure determination. A total of 2961 in-
terproton distance restraints were obtained from
three-dimensional (3D) and four-dimensional (4D)
NMR spectra of either singly (**N) or doubly la-
beled (N, *C ) IL-6. This set is composed of 897
intraresidue, 835 sequential, 648 medium-range,
and 443 long-range restraints, yielding an average
of 17 distance restraints-per-residue. Included
within this set are 138 hydrogen-bonding restraints
derived from NMR observation of 69 backbone
amide hydrO%en atoms which showed slow ex-
change with “H,O and were assigned hydrogen-
bonding partners in a-helical segments in conjunc-
tion with local nuclear Overhauser enhancement
(NOE) patterns.

In addition, other experimental restraints were
employed in the structure determination. A total of
83 dihedral angles were derived from 3un.e Va-
lues obtained as described in Methods. Obtaining a
greater number of angular restraints was pre-
cluded largely by the lack of spectral dispersion of
this four-helix bundle. Only relatively few stereo-
specific assignments could be made largely due to
the motional characteristics of IL-6 (Xu et al., 1996).
For example, average "N T, values observed in
the core region of IL-6 were about 40 ms; such be-
havior results in very poor magnetization transfer
via scalar coupling in NMR experiments. This
characteristic of IL-6 made resonance assignment
difficult, and made obtaining stereospecific assign-
ments for methylene protons impossible. However,
due to the relatively fast rotational behavior of
methyl groups located at the terminus of side-
chains and their consequently improved spectral
traits, some stereospecific assignments were made
for certain well-resolved leucine 3-methyl moieties.
In total, stereospecific assignments for the §-methyl
groups of ten out of 23 leucine residues were ob-
tained as described in Methods. While few in num-
ber, these assignments proved to be especially
valuable, since these residues were found buried
within the folded core of IL-6 and thus provided
many stereospecific interhelical NOEs.

Calculations

A family of 75 embedded substructures were
generated using distance geometry (Briinger, 1993)
followed by simulated annealing, regularization,
and refinement (Nilges et al., 1988). An iterative
procedure was used in the latter three steps to suc-
cessively introduce an increasing number of NOE
distance restraints. The procedure also examines
any NOE violations in the family of interim struc-
tures and attempts to adjust their classification
(strong, medium or weak) to relieve violations.
This process was repeated until all 2961 NOE dis-
tance (including 138 hydrogen bond) and 83 tor-
sion angle restraints were used, producing a set of
structures that did not exhibit either any NOE dis-
tance violation greater than 0.3 A or any torsional
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angle violation greater than five degrees. Further
refinement of the set of structures was performed
by utilizing the Aqua/Procheck-NMR suite of pro-
grams (Laskowski et al., 1996) to identify any NOE
distance violations less than 0.3 A common to the
entire ensemble. Fourteen such restraints were
identified and reclassified; a final round of simu-
lated annealing and regularization was then per-
formed.

A final ensemble of 32 structures was obtained.
After superimposing all main-chain N, C* and C
atoms of the 105 residues defining the core four-
helix bundle (Figure 1; helix A, 21 to 47 shown in
green; helix B, 81 to 105 shown in blue ; helix C,
109 to 131 shown in yellow; helix D, 156 to 185
shown in red), the average structure was calculated
by averaging over the Cartesian coordinates of the
ensemble. The average structure was further sub-
jected to 1000 steps of Powell minimization using
X-PLOR (Briinger, 1993). Assignment of the helical
residues, including residues 143 to 154 for helix E,
is based on an evaluation of the average structure
using the program Procheck 3.0 (Laskowski et al.,
1993) to include all residues with secondary struc-
tural assignments of “H”" or “h”. Coordinates for
all members of the ensemble and the averaged
structure have been deposited with the Brookha-
ven Protein Data Bank (accession no. 11L6).

Description of the NMR-derived structures

The overall topology for IL-6 in solution is that
of a long-chain, up-up-down-down left-handed
four-helix bundle with long loops connecting he-
lices A and B as well as C and D, consistent with
previous secondary structure analysis and evalu-
ation of a limited set of NOEs (Xu et al., 1996).
Figure 1 shows a stereo diagram of the C* traces of
the 32 structures constituting the final ensemble
and illustrates the quality of the ensemble. The pre-
cision of the final set is striking, particularly in
terms of the packing and orientation in the core (A

Figure 1. Stereo diagram illustrat-
ing best-fit superpositions of the C*
traces of the 32 structures of IL-6 in
the final ensemble. The color cod-
ing scheme is as follows: Helices A
to E are shown, respectively: green,
blue, yellow, red, and magenta.
The AB and CD crossover loops
are white.

to D) helices. The root-mean-square difference
(RMSD) from the average structure of main-chain
atoms in the 32 four-helix cores is only 0.50 A; the
RMSD for all non-hydrogen atoms in the core re-
gion increases to 1.0 A. Most of the observed con-
formational variability among the 32 structures is
localized to the crossover loop regions (shown in
white), particularly at the amino-terminal portion
of the AB loop. The RMSD from the average struc-
ture for all main-chain atoms in the 32 structures is
1.1 A and for all non-hydrogen atoms is 1.6 A.

The quality of the high resolution NMR struc-
tures can be assessed more quantitatively in sev-
eral ways. For example, the distribution of NOE
restraints over the protein and their correlation to
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Figure 2. Per-residue structural statistics from the
ensemble of 32 NMR-derived structures. (a) and (b),
Number of long and short-range NOEs, respectively,
per residue; (c) and (d), C* RMSD distributions for the
NMR and X-ray (Somers et al., 1997) structures of IL-6.
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Table 1. Structural, energetic statistics and atomic RMSDs

A. Structural and energetic statistics

RMSD from exptl distance restraints (A)
All (2961)
Interresidue sequential (Ji —j | = 1) (835)
Interresidue short-range (1 < |i — j| < 5) (648)
Interresidue long-range (|i — j| > 5) (443)
Intraresidue (897)
H-bonds (138)
RMSD from exptl dihedral restraints (deg.) (83)
RMSD from idealized covalent geometry
Bonds (A) (2697)
Angles (deg.) (4885)
Impropers (deg.) (1341)
Energetics
Eorar (kcal mol™")
Eeper (kcal mol™)
Enor (kcal mol™)
E_gin (kcal mol™1)
Epong (kcal mol™)
Eypngle (keal mol™)®
Eimpropcr (kcal m0171)
Ey; (kcal mol™*)

(SA) (SA)r
0.0211+ 0.0011 0.0203
0.0227 £ 0.0016 0.0229
0.0231 = 0.0022 0.0213
0.0231 = 0.0029 0.0205
0.0119 £ 0.0017 0.0132
0.0346 = 0.0027 0.0322
0.4302 + 0.0834 0.3965
0.0029 + 0.0002 0.003
0.4963 + 0.0168 0471
0.3867 + 0.0197 0.371

369 + 31 334
66+9 60
66+ 7 61
1.0+04 0.8
2342 19

184 + 13 165
31+3 28

—328 + 44 -393

B. Non-hydrogen atomic RMSDs (A)®

Residues 20-185

Secondary structure®

Backbone atoms All atoms Backbone atoms All atoms
(SA) versus SA 1.13 £ 0.32 1.61 +0.30 0.50 +0.08 1.01 +0.08
(SA) versus (SA)r 1.19 +0.39 1.76 +0.39 0.53 +£0.08 1.124+0.10
(SA)r versus SA 0.43 0.19 0.48
SA versus X-ray 1.57 1.30 1.83
(SA)r versus X-ray 1.62 1.35 1.93
(SA) versus X-ray 1.76 +0.09 2.38 +£0.08 1.40 + 0.09 2.07 £0.10

The NMR structures are denoted as follows: (SA) are the final 32 ensemble structures; SA is the mean structure obtained from aver-
aging the Cartesian coordinates of individual ensemble members; and (SA)r is the minimized average structure obtained by regulari-
zation of SA. E,,q Was calculated using a final force constant of 4.0 kcal mol™' A~* with van der Waals hard sphere radii scaled by
0.78. Enop was calculated using a square-well potential with center-averaging and a force constant of 50 kcal mol™ A~2. E g, was
calculated using a force constant of 200 kcal mol~?! rad2 E, g Eqngle and Ejpproper Were calculated using force constants of 1000
kcal mol™" A2, 500 kcal mol~! rad~2 and 500 kcal mol~"! rad 2, respectively.

2 The Lennard-Jones potential is calculated using the default nonbond interaction parameters in CHARMM (Brooks et al., 1983) as
implemented in Quanta96 (Molecular Simulation, Inc.); this potential was not used in the refinement protocol.

b Tn all atomic RMS differences calculations, only the backbone atoms (N, C* and C) are included in the least-squared best-fitting.

¢ Core helices A, B, C and D.

RMSD in C%s can be evaluated (Figure 2). Figure 2
(a) and (b) give the number of NOE restraints per
residue for long and short-range enhancements (as
defined in Table 1), respectively. The five helices
from the NMR refinement are shown at the top in
the order of A, B, C, E, and D. As one would ex-
pect, the number of NOE restraints is greater in he-
lical regions. The characteristic helical periodicity
in long-range NOEs is also evident, in particular
for helices A, B and D. In order to illustrate the ef-
fect of NOE restraints on the quality of the final
structure, we show the C* RMSD from the NMR
refinement in Figure 2 (c). As expected, there is an
inverse correlation such that regions with a higher
number of NOE restraints give smaller RMSDs and
thus a better-defined structure. Conversely, the re-
gion at the beginning of the AB loop has RMSD
values significantly higher than all other regions.
This is also clearly shown in Figure 1 as the top
right corner of the stereo diagram where the white
traces span the largest conformational space rela-

tive to other parts of the protein. For comparison,
we give the C* RMSD calculated from the X-ray re-
finement (Somers et al., 1997) in Figure 2 (d). The
beginning of the AB loop is not evident in the X-
ray structure, whereas all other regions show very
good positive correlation with that of the NMR
data in Figure 2 (c).

The quality of the NMR-derived ensemble can
also be assessed energetically. Table 1 lists relevant
energetic characteristics. As can be seen, the en-
semble appears to be energetically reasonable with
acceptable covalent geometry. The values tabulated
for the energy-minimized structure reflect one
NOE violation greater than 0.3 A. A Ramachan-
dran ¢/{ plot for the energy minimized NMR
average structure, as calculated with Procheck 3.0
(Laskowski et al., 1993), shows good clustering of
residues in the most favorable a-helical region (¢/
Yy =—60°/ —30°), as expected for a four-helical
bundle protein (data not shown). A total of 76% of
residues are in the most favored regions (A,B,L)
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Figure 3. Stereo image of the averaged and minimized NMR structure of IL-6. Only residues 20 to 185 are shown

and individual helices are labeled.

while another 19% are in the additional, allowed
regions. The remaining 5% of residues fall within
generously allowed regions and only one residue
(G73) is in a disallowed region.

The high-resolution NMR structures of IL-6
show a number of structural features of interest.
The A helix (residues T21 to K47) shows a pro-
nounced “kink” (of 34°) starting in the vicinity of
residue 42. The existence of a kink correlates with

the fact that residues A39 and L40 have some miss-
ing (i,i +4) hydrogen bonds characteristic of a-he-
lices. The amino-terminal portion of the AB
crossover loop is stabilized by a disulfide bond be-
tween C45 and C51 and a hydrogen bond between
C45 and E52. The characteristic packing of the AB
crossover loop over the top of the D helix and its
attached CD loop is evident (Figures 1 and 3;
Sprang & Bazan, 1993). The C-terminal portion of

“ b

Figure 4. Best-fit superposition
of the C* atoms of the X-ray and
the restrained minimized averaged
NMR structures of IL-6. (a) The
color coding scheme is identical to
that of Figure 1. The average mini-
mized NMR structure is shown in
thick lines while the X-ray structure
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is shown in thin lines. (b) C*-C*
distances after the best-fit super-
position.
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Table 2. Interhelical and kink angles and interhelical distances for IL-6

A. Interhelical angles and distances®

Averaged, minimized NMR X-ray
Helices Angle Distance Angle Distance
A:.C —153.9+24 8.6 0.3 —152.7 9.2
A:D —-1521+1.4 84+04 —154.5 9.1
B:C —-1544+1.7 8.7+0.2 —158.2 8.9
B:D —-142.44+19 9.0+0.2 —149.1 9.6
A:B 416 +23 124 +£0.2 40.2 134
C:D 415+2.1 13.24+0.3 35.0 13.5
E:B —483 +3.6 11.0+£0.3 —49.5 9.6
E:D -1709 +9.1 92+05 -170.6 8.9
B. Intrahelical kink angles
Helix Averaged, minimized NMR X-ray
A 340+54 15.9
B 31.5+29 31.0
C ND ND
D 18.0+22 7.4

ND, not determined. Angles are in degrees and distances in A.
2 The algorithm of Chothia ef al. (1981) as implemented in CHARMM (Brooks et al., 1983)

was used for the analysis.

the AB crossover loop has consecutive five-turn
(residues A69 to C74) and three-turn (residues Q76
to F79) elements with additional stabilization
through the C74-C84 disulfide bond. A pro-
nounced kink (of 31.5°) in the B helix (residues E81
to R105) is also observed although there is no per-
turbation of helical (i,i 4+ 4) hydrogen bonding. He-
lices B and C (residues E110 to A131) are
connected by a five-residue turn. The CD crossover
loop has a three-turn element at its amino terminus
(A131 to L134) continuing on into an extra-core
helix (helix E, residues T143 to A154). The amphi-
pathic E helix is stabilized through extensive side-
chain interactions with the core bundle, most par-
ticularly with the B helix. These interactions con-
tribute to the E helix being well-defined relative to
the rest of the CD loop in the ensemble of NMR
structures. The high apparent flexibility in residues
E52 to N61 of the AB loop is, in contrast, the result
of few side-chain interactions with the core bundle
(Figure 1). The D helix (residues Q157 to M185)
also shows a slight kink (of 18°) centered roughly
in the middle of the helix.

In Figure 4(a), the energy-minimized NMR aver-
age structure is compared to that determined by X-
ray crystallography (Somers et al., 1997). The color
coding corresponds to that used in Figure 1 with
the NMR structure in thick lines and the X-ray
structure in thin lines. Electron density for residues
52 to 61 in the beginning of the AB loop is not in-
terpretable in the X-ray data. This corresponds to
the hypervariable regions in the NMR-derived en-
semble as shown in Figure 1. For the most part,
the core A, B, C and D helices between the two
methods match well with each other (Table 2). Any
differences between the structures lie mostly in the
loops, at the ends of the helices, and in the E helix.
Interestingly, the kinks in A and D helices, ob-
served in the NMR ensemble averaged structure,

are not as evident in the X-ray structure. These
differences are revealed more quantitatively in
Figure 4(b), where the C*-C” distances between
the NMR and the X-ray structures are plotted. Ob-
served differences range from 0.1 to 4.9 A (with an
average of 1.8 A indicated by the dotted line),
where larger deviations are mainly localized in the
end of helices and in helix E where there is a shift
in the whole helix in the X-ray relative to that of
the NMR structure. The RMSD in main-chain N,
C* and C of the core helices between the averaged
NMR and X-ray structures is 1.40 A as compared
to the value of 0.50 A among the 32 NMR struc-
tures. Thus, the structures of IL-6 determined by
the two methods agree remarkably well.

The NMR structure also yields interesting in-
sights into the phylogenetics of IL-6. King et al.
(1995) have previously reported a multiple se-
quence alignment for IL-6 from nine mammalian
species, including human, and showed that all
species except mouse and rat show reasonable
levels of similarity in their amino acid sequences. It
has been suggested that sequence differences in rat
and mouse, as compared to the other mammalian
species, could account for the inability of murine
IL-6 to elicit a response from human cells, while
IL-6 from all species can elicit a response from
murine cells (see below). A comparable alignment
performed as described in Methods shows that 31
amino acid residues are invariant across all species
in the residue range L20-M185 (data not shown).
Two thirds of these invariant residues fall within
helices in human IL-6, four are Cys residues, and
the rest lie within the AB loop (Table 3). Evaluation
of the alignment in terms of the tertiary structure
of human IL-6 indicates that most gaps/insertions
fall within two regions: the start of the CD loop
(up to start of helix E) or the short turn between
helices B and C where an additional Lys residue is
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Table 3. Residues absolutely conserved among nine
species of IL-6 (residues 20-185)

Residue Location Putative role?

130 Helix A Bundle core packing
137 Helix A Bundle core packing
E43 Helix A

C45 Helix A Disulfide bonding
C51 AB loop Disulfide bonding
L58 AB loop Receptor site III

E60 AB loop Receptor site 111
Ne61 AB loop Receptor site III

L63 AB loop Loop to helix D/E packing
L65 AB loop Loop to helix B/E packing
P66 AB loop

D72 AB loop

C74 AB loop Disulfide bonding
Q76 AB loop Receptor site I

N80 AB loop

C84 Helix B Disulfide bonding
L85 Helix B Bundle core packing
GI1 Helix B Bundle core packing
L92 Helix B Bundle core packing
E9%4 Helix B

L99 Helix B Bundle core packing
L123 Helix C Bundle core packing
P142 Helix E

L148 Helix E Side-chain packing to helix B
W158 Helix D Receptor site 11T
L168 Helix D Bundle core packing
F174 Helix D Bundle core packing
L175 Helix D Bundle core packing
L179 Helix D Bundle core packing
R180 Helix D Receptor site 1

R183 Helix D Receptor site I

2 Putative roles for each residue were assigned on the following
basis. Residues assigned to “bundle core packing” were found
to be involved in the interior helical packing of the four-helix
bundle. Residues were assigned to specific receptor binding
sites on the basis of published mutagenesis data or as defined
in the legend to Figure 6.

inserted in the rodent strains (data not shown). In-
terestingly, bovine, porcine, and ovine IL-6 may
have a shorter A helix given the presence of a Pro
four residues into the presumed start of the helix.
Despite some interspecies variations, however, the
essential features of the tertiary structure of human
IL-6 should be retained in all mammalian forms.

Discussion

This study presents the first high-resolution
NMR structure of a long-chain four-helix bundle
cytokine reported to date. As a protein of 185
amino acid residues with a high o-helical content,
IL-6 presents a challenge for NMR-based structure
determination. Spectral dispersion, even in multi-
dimensional NMR experiments, was poor and
magnetization transfer was problematic, especially
in terms of obtaining stereospecific assignments.
Nonetheless, a sufficient number of restraints per
residue, including a limited number of important
stereospecific assignments, allowed the generation
of an ensemble of structures with geometric and
energetic characteristics that compare very favor-
ably to other NMR-based structure determinations
of substantially smaller proteins. The high quality

Figure 5. Ribbon diagram of the heterotrimeric IL-6
receptor complex. The schematic is based upon the X-
ray structure of the GH-receptor complex (De Vos et al.,
1992) by superposition of the NMR-derived IL-6 struc-
ture on GH. IL-6 is shown in green, IL-6Ra in yellow,
and gp130 in orange. Receptor binding sites are labeled
I, II, and III. Also shown in red CPK are IL-6 residues,
one per site, identified as critical for binding to receptor
components: site I, R180; site II, Y32; and site III, W158.
The top view is obtained by a 90° rotation of the bottom
view along the horizontal axis.

of the NMR-derived structure of IL-6 is due, in no
small part, to the intrinsic packing of the long he-
lices into a four-helix bundle, thus compensating
for what would otherwise be significant methodo-
logical limitations.

The averaged structure from the NMR-derived
ensemble relates well to the structures of other
long-chain four-helix bundle cytokines, including
G-CSF (Zink et al., 1994; Hill et al., 1993), LIF
(Robinson et al., 1994), CNTF (McDonald et al.,
1995), and GH (Ultsch et al., 1994). The structure of
IL-6 retains many of the structural characteristics
ascribed to this family of proteins that distinguish
them from their short-chain counterparts (e.g. IL-3,
IL-4, IL-5, and M-CSF; Sprang & Bazan, 1993).
These include the length of helices in the bundle,
the presence of short extra-core a-helices instead of
extra-core P-sheets, and a characteristic AB over
CD loop packing. Within this family, certain struc-
tural features distinguish IL-6 from other family
members. For example, the extra-core mini-helices
of the neuropoietic cytokines LIF and CNTF are
localized to the AB loop, whereas these helices are
present in the CD loop in IL-6, as in interferon-f
(IEN-B) (Senda ef al., 1992). In the case of IL-6, one
of the two potential N-linked glycosylation sites (at
N46 and N145) is located, though not utilized
(Orita et al., 1994), within this helix. This is likely
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Table 4. Summary of mutagenesis data defining receptor binding sites on select cytokines®

Site II Site IIT
Site I Accessory-signal Accessory-signal
Cytokine Specificity conferring transduction transduction

IL-6° to IL-6Ra to gp130 to gp130

Q176,5177,5178,L179, Y32,G36,5119,V122 K47,548 M50,E52
R180,A181,L182,R183 K55,L59,W158,
D161,T163

CNTEF¢ to CNTF-Ra to gp130 to LIF-R
R25,R28,Q63,W64, K26,D30 F152,K154,W157,
R171,R177 G158,E153,K155

LIF¢ to LIF-R to gp130 to LIF-R

K170,A174,V175 025,528,032,D120, P51,D57,P105,T150
1121,G124,5127 K153,D154,A155,
F156,K158, K159
K102
Accessory-signal
transduction Specificity conferring Specificity conferring

1L-4¢ to IL-2R to IL-4R to IL-4R

111,R121,Y124,5125 E9,516,Q78,R81,R85 L109,N111,F112,
R88 L116

2 The three sites were defined topologically as: site I, C terminus of D helix, N terminus of A helix, plus portions
of the AB loop; site II, on the A-C helical face; and site III, C terminus of the A helix, N terminus of the D helix,
and portions of the AB and CD loops. Mutagenesis data were tabulated from the cited references and associated
with one of the three sites. The functional consequence of each mutation was noted from the cited reference.
Residues which roughly correspond to the geometric center of all mapped residues for that site are shown in

bold.

» Mutagenesis data taken from Ciapponi et al. (1995); Savino et al. (1994a,b); Paonessa et al. (1995); Ehlers et al.

(1994); Brakenhoff et al. (1994); de Hon et al. (1994, 1995).

¢ Mutagenesis data taken from Panayotatos et al. (1995); Thier et al. (1995); Inoue et al. (1995).
9 Mutagenesis data taken from Hudson et al. (1996); Layton et al. (1994).
¢ Mutagenesis data taken from Morrison & Leder, (1992); Kruse et al. (1993); Muller et al. (1994); Gustchina

et al. (1995).

due to the fact that N145 is on the face of the E
helix interacting with the B helix.

The NMR-determined structure of IL-6 is in
good agreement with that determined by X-ray
crystallography (Somers et al., 1997). As summar-
ized in Table 2 and in Figure 4, a comparison of in-
terhelical distances and angles shows excellent
agreement between the average NMR and the X-
ray structures. Comparison of per residue RMSD
between the two structures is also quite good with
the main differences being observation of the entire
AB loop and reduced values for C* RMSDs in the
short BC loop in the NMR-derived structure. Both
methods give comparable values for the B helix
kink angle and the helical packing skew angles.
However, the NMR-derived structure exhibits dis-
cernable kinks in the A and D helices that are less
evident in the X-ray structure. These kinks are re-
miniscent of the A and D helix kinks observed in
the structures of the neuropoietic cytokines LIF
and CNTF (Robinson ef al., 1994, McDonald et al.,
1995) which have been suggested to be important
for receptor engagement (McDonald et al., 1995).
However, it should be noted that the A helix kink
in the NMR-derived structure of IL-6 is placed
near the end of the helix in contrast to the middle
as in both LIF and CNTF.

Mapping interspecies sequence differences onto
the structure of IL-6 yields two interesting sets of

observations. First, over the range of residues for
which structure is observed (residues 20 to 185), 31
residues are absolutely conserved (Table 3). Of
these, four are Cys residues comprising two disul-
fide bonds and 18 others are located within o-he-
lices. As noted in Table 3, most of these latter 18
residues have been implicated either in core helical
packing or in receptor binding (see below). The re-
maining nine conserved residues all lie within the
AB crossover loop. No conserved residues are pre-
sent in the CD loop, except for two in the extra-
core E helix. In contrast, most gaps observed in the
multiple alignment fall in the CD loop prior to the
E helix. Since this region has yet to be implicated
in receptor binding or in maintaining the four-helix
bundle topology, it is at least teleologically satisfy-
ing as a locus of interspecies variation without sig-
nificant structural or functional consequence.

The biological effects of IL-6 are mediated
through the ordered formation of a heteromeric re-
ceptor complex, initiated by the binding of IL-6 to
the extracellular domain of IL-6Ra. The IL-6/IL-
6Ra complex is then capable of binding gp130. The
nature of this complex is thought to be a variation
of the GH/GH-receptor paradigm where two re-
ceptor molecules bind to GH at distinct sites (Wells
& DeVos, 1996). Figure 5 shows a representation of
the IL-6 receptor complex based upon this para-
digm. In fact, the IL-6 receptor complex is thought
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Figure 6. Conservation of topology and functionality of
receptor binding sites in four-helix bundle cytokines.
Receptor binding sites on IL-6, LIF, CNTF, and IL-4
were generated from published mutagenesis data
(Table 4) as described in Methods. The three-dimen-
sional structures of each cytokine were superimposed as
described and are viewed from an identical perspective.
For all cytokines, the specificity conferring site is shown
in white CPK while the accessory sites are shown in
pink and blue CPK, respectively. The bold residue for
each site listed in Table 4 is shown here in red.

to be hexameric and composed of two molecules
each of IL-6, IL-6Ra, and gp130 in accordance with
dimerization of gpl30 being required for sub-
sequent signal transduction (Paonessa et al., 1995).
Accordingly, three sites have been designated on
IL-6 (Figure 5), which mediate binding to different
components of the receptor complex, as deter-
mined by a combination of epitope-mapping of
antibodies and site-directed mutagenesis (Savino
et al, 1993, 1994a,b; Paonessa et al.,, 1995;
Brakenhoff et al., 1995). The determinant for IL-6
binding to IL-6Ra (Savino et al., 1993, 1994a,b) is
termed site I and is composed of residues at the be-
ginning of the A helix, the C-terminal end of the D
helix, and select residues towards the end of the
AB loop. Two additional sites (II and III) are re-
sponsible for interactions with two different mol-
ecules of gpl30, only one of which (site II) is
strictly analogous to the GH-receptor paradigm
(Paonessa et al., 1995; Brakenhoff ef al., 1995). Site
I is composed largely of residues in helices A and
C while site III, which binds to a gp130 molecule
in the opposing heterotrimeric complex, is com-
posed of residues at the amino terminus of the AB
loop, at the carboxy terminus of the CD loop (just
after the end of helix E) and at the N terminus of

the D helix. It is of interest to note that a portion of
site III includes residues which, as determined by
NMR, are located within a highly mobile region of
the AB loop (see Figure 1).

It is clear that other cytokines also utilize at least
three sites on their surface for receptor engage-
ment. Indeed, Panayotatos et al. (1995) have pro-
posed that long-chain helical cytokines which form
heteromeric receptor complexes share a common
topological fold and a conserved spatial arrange-
ment of receptor binding sites. Moreover, the func-
tionality associated with each site, in terms of the
type of receptor component bound, is also con-
served. Thus, the specificity-conferring site I is pro-
posed to be topologically equivalent in CNTF and
LIF when mapped onto the available X-ray struc-
tures. Sites II and III, which bind the accessory
(signal transducing) receptor components gpl30
and LIF-R, are similarly conserved. This hypothesis
was also extended to IL-6 utilizing a model de-
rived by homology to G-CSF. This hypothesis is
potentially important, since a common disposition
of functionally equivalent receptor sites would re-
quire a similar mechanism of receptor engagement.

The high resolution NMR structure of IL-6 pro-
vides additional experimental support for this hy-
pothesis. Moreover, we have also been able to
extend this hypothesis to a short-chain cytokine,
IL-4, which also employs a heteromeric receptor
complex. Table 4 summarizes the available muta-
genesis data which define sites I, II, and III in IL-6,
LIF, CNTF, and IL-4. Figure 6 illustrates the results
of mapping these data onto the available structures
(as described in Methods) and shows the con-
served spatial disposition of the three sites. Figure 6
also illustrates that the functionality associated
with each site is conserved in the long-chain cyto-
kines but reversed in IL-4. The receptor binding
sites in IL-4 are more closely spaced, which may be
due to the shorter helical lengths. Together, the ap-
parent topological conservation of receptor binding
sites, within both short-chain and long-chain cyto-
kines, strongly suggests a divergent evolutionary
progression of cytokines and their receptors, as op-
posed to convergence to common tertiary motifs.

Methods
NMR spectroscopy

A 1.3mM sample of purified and uniformly N or
°N,*C-labeled recombinant IL-6 was prepared in
10 mM 2-(N-morpholino)ethanesulfonic acid (Mes, pH
6.1), 200 mM MgSO,, as described previously (Xu et al.,
1996). All NMR experiments were performed in 10%
2H,0/90% H,0, except for the 4D *C,'3C edited nuclear
Overhauser enhancement spectroscopy (NOESY) exper-
iment, which was performed in 100% H,0. A complete
set of NMR resonance assignments, secondary structure
analysis, and a gross topology for IL-6 have been re-
ported (Xu et al., 1996). Distances restraints were ob-
tained from the analysis of data from a battery of
experiments including 2D 'H,'H NOESY (aromatic re-



Solution Structure of Recombinant Human IL-6

477

gion only), 3D N edited NOESY, simultaneous '°N/**C
edited NOESY (at 100 ms mixing time), and 4D *C,**C
edited NOESY experiments (Clore et al, 1991;
Zuiderweg et al., 1991; Vuister et al., 1993; Pascal et al.,
1994; Xu et al., 1995). Two-dimensional heteronuclear
multiple quantum coherence (2D HMQC) | experiments
(Kay & Bax, 1990) were performed to measure backbone
3Jun-n+ values and thus define ¢ angle restraints. 3D
HNHA | experiments (Vuister & Bax, 1993; Garrett ef al.,
1994) were carried out to confirm and expand the num-
ber of ¢ angle restraints. Hydrogen bonds were deter-
mined from a series of 2D heteronuclear single quantum
coherence (HSQC) experiments after redissolving a
sample of lyophilized IL-6 in ?H,O and monitoring over
time. A combination of 2D constant time (Powers et al.,
1991) methyl-relay (L. E. Kay et al., unpublished results),
3D long-range *C-'3C | coupling (CC]) (Bax et al., 1992,
1994), 3D N edited NOESY, and 4D 3C,3C edited
NOESY (Clore et al., 1991; Zuiderweg ef al., 1991; Vuister
et al., 1993) experiments were used to obtain §-methyl
stereospecific assignments for leucine residues. Triple
resonance experiments that ultimately detect NH magne-
tization were recorded using enhanced sensitivity pulse
field gradient methods (Muhandiram & Kay, 1994; Kay,
1995). Quadrature detection in all of the indirectly de-
tected dimensions was achieved via States time-pro-
portional phase incrementation (TPPI). All data were
processed with nmrDraw and nmrPipe programs (Dela-
glio et al.,, 1995) and all spectra were extended in the
heteronuclear dimensions by forward-backward linear
prediction (Zhu & Bax, 1992) prior to apodization and
zero filling to double the time domain data points. For
HMQC ] experiments, Varian VNMR software was em-
ployed for spectral processing. All data analysis, spectra
peak picking and plotting were performed with the psc
and pipp programs (Garrett ef al., 1991; D. S. Garrett, un-
published results)

Stereospecific assignments of the d-methyl groups of
leucine residues were obtained as follows: First, a 3D
long-range CCJ experiment was used where §-methyl
cross-peak intensities are dependent upon 3Jc.-cs accord-
ing to the equation:

I Icross/ldiag |1/2: tan(2m 3]C*-C5)

and 2t =1/"Ycc =294 ms )(Bax et al., 1994). Using this
equation, the y, torsion angle restraints were grouped in
two sets (180°/ + 60° and —60° ). Next, a set of peak in-
tensities from a series of NOESY spectra (Powers ef al.,
1993; Vuister et al., 1993; Pascal et al., 1994; Xu et al.,
1995) were derived for these 3-methyl groups, used to
assign weak, medium, and strong NOEs, and finally de-
rive stereospecific assignments as described by Powers
et al. (1993).

Distance restraints were obtained from 3D N and
3D/4D C heteronuclear-edited NOESY experiments
(100 ms mix time) as well as from 2D 'H,'H NOESY ex-
periments (evaluated in the aromatic region only). Cross-
peak intensities were classified as strong, medium and
weak using contour levels for calibration with the corre-
sponding distance restraints of 1.8 to 2.7 A,18t0334,
and 1.8 to 5.0 A, respectively. The lower bound for inter-
proton distances was set to 1.8 A, which is the sum of
the van der Waals (vdW) radii of two protons. The
upper distance restraints were further modified for
methyl, non-stereospecific methylene or aromatic pro-
tons as described (Wiithrich, 1986). Thus, the latter three
groups were replaced by the appropriate pseudoatoms
and corrected for center averaging. An additional 0.5 A

was added to the upper limit for methyl protons to ac-
count for spectral intensity differences (Clore et al., 1987;
Wagner et al., 1987).

Jun-p= coupling constants from 2D HMQC | and 3D
HNHA ] experiments were extracted using the program
described by Forman-Kay et al. (1990) or that described
by Vuister & Bax (1993). Values less than 5 Hz were
assigned as —30° < ¢ <—90° torsion angle restraints.
Values larger than 8Hz were assigned as
—60° < ¢ < —180° torsion angle restraints

Structure calculations and refinement

NMR structure refinements and analysis were carried
out using X-PLOR version 3.1 (Briinger, 1993) with
topallhdg.pro and parallhdg.pro as the topology and
parameter sets, respectively. The standard NMR refine-
ment protocol recommended in X-PLOR was followed.
This included three stages: (1) partial substructure dis-
tance geometry embedding to generate 75 initial struc-
tures; (2) simulated annealing starting at a temperature
of 2000 K with variably scaled force constants and par-
ameters to a final temperature of 100 K; (3) refinement
by further simulated annealing starting at 1000 K with
2000 cooling steps to a final temperature of 100 K and a
final scaling of 0.78 for the vdW radii. This protocol gave
only two structures that showed no NOE distance viola-
tion greater than 0.3 A and no dihedral angle violation
greater than five degrees. To increase the number of
such acceptable structures, the refinement was continued
with a gentle cycle of simulated annealing that started
with a temperature of 300K, slowly cooling down to
100 K in 20,000 steps. Such refinement yielded an ensem-
ble of 32 structures that showed no NOE distance viola-
tion greater than 0.3 A and no dihedral angle violation
greater than five degrees. The Aqua/Procheck-NMR
suite of programs (Laskowski et al., 1996) was then used
to identify 14 remaining NOE violations (all less than
0.3 A) common to the ensemble. These restraints were
“loosened” in their categorization one level and a final
cycle of refinement was performed yielding the final set
of 32 structures. Main-chain N, C, and C* atoms of the
105 residues defining the core four-helix bundle (see the
text) were superimposed and an average structure was
then derived from averaging the Cartesian coordinates.
The average structure was subjected to 1000 steps of Po-
well minimization using X-PLOR (Briinger, 1993). The
final average and minimized structure has only one
NOE violation greater than 0.3 A and no dihedral angle
violations greater than five degrees.

Other techniques

Multiple sequence alignments were performed accord-
ing to Needleman & Wunch (1970) and Feng & Doolittle
(1987) as implemented in QUANTA96 (Molecular Simu-
lation, Inc.). Raytraced images were generated using the
RAYSCRIPT patch (D. and E. Peisach, Brandeis Univer-
sity, personal communication) to MOLSCRIPT (Kraulis,
1991) with subsequent rendering with the program RAY-
SHADE (C. Kolb, Stanford University). The algorithm of
Chothia et al. (1981) as implemented in CHARMM
(Brooks et al., 1983) was used to analyze the packing of
the helices in the refined structures.

Binding sites on IL-6, CNTF, LIF, and IL-4 for their re-
spective receptor components were defined as follows.
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The structure of human CNTF was constructed with the
homology modeling package MODELER (Sali et al.,
1995) based on the X-ray structure of murine LIF
(Robinson et al., 1994) and the sequence alignment of
McDonald et al. (1995). The structures of murine LIF and
human IL-4 were from the Brookhaven Protein Data
Bank (accession numbers 1LKI and 1BBN, respectively).
The structures of the cytokines were first superimposed
according to the method of Sutcliffe et al. (1987), as im-
plemented in QUANTA, with the IL-6 structure as the
target. For each cytokine, all residues identified by site-
directed mutagenesis as important for receptor binding
were tabulated as in Table 4 and mapped onto the ap-
propriate structure and visualized using the program
VMD (Humphrey et al., 1996). A mapped residue cen-
trally located within this subset of the molecular surface
was then manually selected and a search performed,
using the program RIBBONS (Carson, 1991) to define the
minimum distance from this residue which encompasses
all mapped residues for the site. Typically, the binding
site was then defined by all atoms included within the
area of the molecular surface inclusive of this distance
from the central residue. However, if too few mutations
were available, the distance derived for an analogous
site on a related cytokine was employed. Thus, these re-
ceptor binding sites are only a crude approximation of
the actual receptor sites.
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