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Interleukin (IL) 11 activates multiple intracellular signaling
pathways by forming a complex with its cell surface a-receptor,
IL-11Re, and the PB-subunit receptor, gp130. Dysregulated
IL-11 signaling has been implicated in several diseases, includ-
ing some cancers and fibrosis. Mutations in IL-11Ra that reduce
signaling are also associated with hereditary cranial malforma-
tions. Here we present the first crystal structure of the extracel-
lular domains of human IL-11Re and a structure of human
IL-11 that reveals previously unresolved detail. Disease-associ-
ated mutations in IL-11Ra are generally distal to putative
ligand-binding sites. Molecular dynamics simulations showed
that specific mutations destabilize IL-11Ra and may have indi-
rect effects on the cytokine-binding region. We show that IL-11
and IL-11R« form a 1:1 complex with nanomolar affinity and
present a model of the complex. Our results suggest that the
thermodynamic and structural mechanisms of complex forma-
tion between IL-11 and IL-11Re differ substantially from those
previously reported for similar cytokines. This work reveals key
determinants of the engagement of IL-11 by IL-11R« that may
be exploited in the development of strategies to modulate for-
mation of the IL-11-IL-11R« complex.

Interleukin 11 (IL-11) is a member of the IL-6 family of cyto-
kines, which includes IL-6, leukemia inhibitory factor, oncosta-
tin M, ciliary neutrophilic factor, IL-27, IL-31, cardiotrophin-1,
cardiotrophin-like cytokine, and neuropoietin (1). Activation
of downstream signaling pathways by these cytokines is gener-
ally initiated via the formation of oligomeric receptor com-
plexes thatinclude the B-subunit signaling receptor, gp130, and
one or more cytokine-specific co-receptors (2, 3). The majority
of our structural and mechanistic understanding of this cyto-
kine family is based on structural information available for IL-6,
leukemia inhibitory factor, and their receptors (4—6).

This article contains supporting information.
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Characterization of the in vivo source of IL-11 has only
recently begun, as a result of emerging links to multiple pathol-
ogies. IL-11 has classically been associated with hematopoiesis
(7); however, it has more recently been identified as the major
cytokine involved in gastrointestinal tumorigenesis and is a
promising therapeutic target (8). IL-11 also has emerging roles
in cardiovascular and liver fibrosis (9, 10). Mutations in the
IL-11-specific a-receptor, IL-11Ra, have gained increased
interest as a result of their causative role in hereditary diseases
that are typified by craniosynostosis and delayed tooth eruption
(11-14). Several of these mutations have been shown to impair
IL-11 signaling in vitro (11).

Following secretion, IL-11 is believed to interact with
IL-11Re, which is expressed in tissue-specific cell populations
(15). This binary complex is thought to subsequently engage
gp130 (6, 16). Previous mutagenesis and structural studies indi-
cate that IL-11 interacts with its receptors through three inde-
pendent sites on its surface (17). Site I is responsible for
IL-11Re binding; site IT binds a gp130 molecule and contributes
to the formation of a trimeric complex; and site III engages with
a second gp130 molecule, resulting in the cooperative forma-
tion of a hexameric signaling complex containing two copies of
each component (16).

Upon formation of the signaling complex, Janus kinases
(JAKs) associated with the cytoplasmic regions of gp130 are
activated, although the exact mechanisms of activation remain
unclear (18). Because IL-11Ra does not bind JAKs at its cyto-
plasmic domain, signaling is thought to result from transacti-
vation of JAK molecules bound to the cytoplasmic domains of
the two gp130 molecules of the hexameric signaling complex.
JAK activation then leads primarily to phosphorylation and
activation of signal transducer and activator of transcription
(STAT) 3. Activation of other signaling pathways, including the
extracellular signal-regulated kinase/mitogen-activated pro-
tein kinase pathway and the phosphatidylinositol 3-kinase
pathway, is less well-understood.

The structural basis of IL-6 signaling has been well-studied,
and the structure of the hexameric IL-6 signaling complex has
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Structure of human interleukin 11« receptor

Table 1

X-ray data collection and structure refinement statistics for IL-1Ra and IL-11, ;4

The values for the highest resolution shell are given in parentheses.

IL-11Re IL-11,,,
Data collection
Space group P6,22 P2,2,2
Wavelength (A) 0.9537 0.9537
Number of images 60 3600
Oscillation range per image (°) 1.0 0.1
Detector ADSC Quantum 315r Eiger 16M

Cell dimensions

a, b, c(A) 171.46, 171.46, 107.94 39.02, 133.76, 27.18
a B,y () . 90, 90, 120 90, 90, 90

Resolution (A) 45.67-3.43 (3.70-3.43) 37.46-1.62 (1.68-1.62)
Ry 0.575 (1.770) 0.0774 (1.031)
Reas’ 0.611 (1.901) 0.0808 (1.071)

- 0.307 (0.952) 0.0227 (0.286)
CCp? 0.904 (0.436) 0.999 (0.764)
I/o(l) 3.9 (L.1) 17.79 (2.08)
Total observations 92,918 244,140
Unique reflections 12,990 18,927
Completeness (%) 99.5 (98.5) 99.95 (99.89)
Multiplicity ) 7.2 (7.3) 12.9 (13.6)
Wilson B-factor (A?%) 65.0 24.0

Refinement

Resolution (A)

45.67-3.43 (3.55-3.43)

37.5-1.62 (1.72-1.62)

Reflections used in refinement 12,962 (1243) 18,925 (1845)
Rq,.. reflections 612 (57) 908 (84)
ok 0.244 (0.318) 0.1739 (0.2515)
- 0.298 (0.342) 0.1926 (0.2742)
Protein molecules in asymmetric unit 2 1
Total non-hydrogen atoms 4580 1470
Protein 4433 1319
Ligand/ion 147 6
Solvent . 0 145
Mean B-factor (A?%) 65.9 36.02
Protein 64.9 35.33
Ligand/ion 97.4 47.58
RMSD )
Bond lengths (A) 0.002 0.010
Bond angles (°) 0.58 1.36
Ramachandran plot
Favored (%) 95.10 98.80
Allowed (%) 4.55 1.20
Outliers (%) 0.35 0.00

“Rygmn = Spiailli(nkl) — <I(hkl)> /g > L (kD).
? Rineas = 2nialN/(N = DI* il L(hkl) — <I(hkl)> /302 L (kD).
© Rpim = Zpaal /(N = DI Si|L(AKL) — <I(tkD)> |/ 2023l (kD).

CCy, = Pearson correlation coefficient between independently merged half data sets.

been solved (6). Low-resolution EM studies of the IL-11 signal-
ing complex suggest that the overall arrangement is likely sim-
ilar to that of IL-6 (19). We previously reported the first crystal
structure of human IL-11 (17) and showed that although the
topology is similar to IL-6, IL-11 is significantly elongated, sug-
gesting different geometry of the signaling complex. Despite
the growing biological importance of IL-11 signaling, molecu-
lar understanding of the structure and assembly of the IL-11
signaling complex remains in its infancy.

Here, we present the first crystal structure of human IL-11Ra
and a new, more complete structure of IL-11 that reveals struc-
tural details of functionally important regions. Disease-associ-
ated mutations in IL-11R« are generally located distal to puta-
tive binding surfaces of the receptor. Molecular dynamics
simulations reveal the mechanisms by which several of these
mutations disrupt the structure of IL-11R and thereby prevent
signaling. We present a model of the IL-11-IL-11Ra complex
and in combination with biophysical and mutagenic character-
ization of the cytokine—receptor interaction show that IL-11R«
and IL-6Ra engage their cognate cytokines with similar affini-
ties but use surprisingly different thermodynamic and struc-
tural mechanisms. Our work provides structural and mechanis-
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tic detail of the first step of formation of the IL-11 signaling
complex that may be exploited in the development of molecules
that can modulate complex formation.

Results and discussion

The structure of the extracellular domains of the interleukin 11
a-receptor

The complete extracellular region of IL-11Ra (IL-11Ro;
residues 1-341 of the mature protein after signal peptide cleav-
age) was expressed in the insect cell line Sf21 and purified
from the cell culture supernatant. To reduce formation of dis-
ulfide-linked dimers, the C226S mutation (20) was present in all
IL-11Ra constructs described in this work. Crystals of
IL-11Rag were in space group P6,22. Initial phase estimates
were obtained by molecular replacement using domains from
unpublished Fab-bound structures of IL-11Re«, and the struc-
ture was refined at a resolution of 3.43 A (PDB code 604P).
Data and refinement statistics are presented in Table 1, and
representative electron density is shown in Fig. S1 (4 and B).

The structure of IL-11Ra consists of an N-terminal Ig-like
domain (D1) and two fibronectin type III (FnIII) domains (D2,

SASBMB
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Figure 1. The crystal structure of IL-11Rag. A, two views of the structure of IL-11Rac. Each of the domains and the section of the C-terminus that is defined
in the electron density are indicated. The transmembrane domain is at the C-terminal region of the receptor. B, the asymmetric unit of the IL-11Ra crystal
structure, formed by two IL-11Ra molecules, with an extensive contact between D2 of the two molecules. C, the structure (left panel) and topology (top right
panel) of D1 from chain B of IL-11Ragc with disulfide bonds indicated. Loops are colored pink, the two strands contributing to the smaller, anti-parallel B-sheet
are blue, and the five strands contributing to the larger, mixed parallel/anti-parallel B-sheet are orange. A topology diagram of the typical s-type Ig domain is
also shown (bottom right panel). D, continuous sedimentation coefficient (c(s)) distributions for IL-11Rac at three concentrations, showing that IL-11Ragc is
primarily monomeric in solution under the conditions tested. Slight concentration dependence in the sedimentation coefficient suggests the formation of a
transient oligomer. E, c(s) distributions for IL-11Rap,_p3 at several concentrations. F, small-angle X-ray scattering data for IL-11Rap,_ps, Overlaid with the
theoretical scattering profile calculated from molecule A of the crystal structure of IL-11Ragc (x> = 1.05).

A, indicating moderate structural similarity. The primary devi-
ations between the three structures are in the position of D1.

D3) that form the cytokine-binding homology region (CHR)
(Fig. 1A). By homology to other cytokine receptors, IL-11 likely

binds to the loops present at the D2/D3 junction (Fig. 14). The
receptor is L-shaped, with D2 and D3 forming the CHR. The
arrangement of the three domains is similar to other IL-6 family
cytokine receptors (Fig. S1C). The a-carbon RMSD between
IL-11Re and IL-6Ra (PDB code 1N26) is 5.5 A, and that
between IL-11Ra and D1-D3 of gp130 (PDB code 1I1R) is 5.8

SASBMB

The putative cytokine-binding region in IL-11Ra shows less
surface charge than that of IL-6Re« (Fig. S1D).

Two protein molecules are present in the asymmetric unit
(a-carbon RMSD of 2.0 A), forming a crystallographic dimer in
a “head-to-head” configuration through an interaction between
D2 of each receptor molecule (Fig. 1B). The C terminus of the
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receptor is more complete in chain A, forming a crystal contact
with a protein molecule in a neighboring asymmetric unit. The
absence of density for the complete C terminus may be a result
of disorder or caused by the presence of endoproteinase Glu-C
during the crystallization experiment. N-Linked glycans are
observed at Asn'®® and Asn'”?,

D1 of IL-11R« forms an Ig-like domain with an unusual
s-type topology (22) (Fig. 1C). Strand A in the 8 sandwich forms
a non-canonical mixed parallel/anti-parallel B sheet with
strands G, F, C, and D. This is a similar overall topology to D1 of
IL-6Re; in both cases the Ig-fold is distorted (21). Two disulfide
bonds are present in D1: one between Cys®® in the strand
B/strand C linker and Cys”” in strand F. A disulfide bond in a
similar position is present in the D1 of IL-6R« (21). A second
disulfide bond is present between Cys* and Cys® in strand B,
which was not predicted from sequence analysis or homology
to other receptors. The disulfide bond is well-supported in the
electron density and confirmed in a simulated-annealing omit
map (Fig. S14). The unusual fold of D1 may be a consequence of
these disulfides, with the Cys*—Cys?® disulfide serving to steri-
cally constrain strand A, preventing the formation of a typical
anti-parallel B-sheet with strands B and E.

D2 of IL-11R« contains the two disulfide bonds expected for
this domain (between Cys”® and Cys'°® and between Cys'*® and
Cys'®®). D3 of IL-11Ra contains the conserved tryptophan—
arginine ladder (comprising tryptophan residues 246, 282, and
285 and arginine residues 235, 239, 270, and 274), which
includes the strongly conserved WSXWS sequence motif. Like
other cytokine receptors, the sequence containing the WSXWS
motif forms a short polyproline type II helix that is stabilized by
side chain—main chain interactions and the tryptophan—
arginine ladder.

The interface formed between the two IL-11Ra monomers in
the asymmetric unit of the crystal structure has a buried surface
area of 1088 A (Fig. 1B) (23). To establish whether IL-11Ra-
self-associates in solution, we used sedimentation velocity—
analytical ultracentrifugation (SV-AUC) at protein concentra-
tions of 6.5-19.5 um (0.25-0.75 mg/ml) (Fig. 1D and Fig. S1E,
panel i). These experiments show that IL-11Rag is predomi-
nantly monomeric in solution with a standardized sedimenta-
tion coefficient (s,,.,) of 2.70 at 13.0 um. This represents a
molecular mass of 41.3 kDa, with a frictional ratio (f/f;) of 1.57
calculated from the fit to the SV data (Fig. S1E, panel i), in good
agreement with the expected molecular mass from the
sequence (38.2 kDa). The theoretical sedimentation coefficient,
calculated from the crystal structure coordinates of chain A
using HYDROPRO (24) was 2.92, consistent with the experi-
mental value. A small, concentration-dependent increase in
weight-average sedimentation coefficient was observed, from
2.67 Sat 6.5 uM to 2.72 S at 19.5 um, likely indicating the for-
mation of a weak-affinity dimer. It is possible that any weak-
affinity dimerization is increased at the cell membrane, where
the receptor may be concentrated in lipid rafts, analogous to
other cytokine receptors (25, 26), and can diffuse in only two
dimensions, increasing its effective concentration.

To study the solution properties of IL-11Ra without the
C-terminal extension, we generated a construct comprising
only domains D1-D3 (IL-11Rap,;_ps; residues 1-297 of the
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mature protein). The standardized sedimentation coefficient of
IL-11Rep, _pp; measured at a protein concentration of 15.5 uM
(0.5 mg/ml) was 2.62 S (Fig. 1E and Fig. S1E, panel ii), corre-
sponding to a molecular mass of 34.9 kDa, with a f/f, value of
1.47, in good agreement with the sequence molecular mass
(32.1 kDa). Similar to IL-11Ra(, a small concentration-depen-
dent increase in weight average sedimentation coefficient was
observed from 2.62 S at 7.8 um to 2.69 S at 23.3 uM, suggesting
that possible weak dimerization is mediated by the structured,
extracellular domains of IL-11R« and is not a consequence of
the disordered C terminus. The small-angle X-ray scattering
(SAXS) profile of IL-11Ray, 5 agrees well with the monomer
of the crystal structure coordinates (x> = 1.05) (Fig. 1F, Table
S1, and Fig. S1F), confirming that the crystal structure accu-
rately represents the solution conformation of the structured,
extracellular domains of IL-11Ra.

Pathogenetic mutations disrupt the structure of IL-11R«

A number of pathogenic mutations have been identified in
the gene for IL-11Ra, IL11RA, resulting in point-substitution
mutations in IL-11Ra that cause a genetic disease featuring
craniosynostosis and delayed tooth eruption (11-14). Mapping
the disease-associated mutations onto our structure of IL-11Ra
indicates that very few of the mutations are in the putative IL-11
or gp130 binding sites (Fig. 2A4). The P178T, P199R, and R274W
mutations have previously been studied in vitro (11); however,
the lack of structural information on IL-11Re has hindered
understanding of the molecular impact of the mutations.

To investigate the effects of the mutations on the structure of
IL-11Ra, we ran a series of short (50 ns) all-atom molecular
dynamics (MD) simulations on IL-11R« (Fig. 2B) and several of
the disease mutants. In IL-11R«, the Ca RMSD and backbone
amide bond order parameters (5?) calculated from the MD tra-
jectory indicate a low level of local disorder and overall local
rigidity within each of the three domains (Fig. 2B and Fig. S24).
However, the three domains were dynamic with respect to each
other throughout the simulation (Fig. 2B and Fig. S2B). The
loops comprising the putative IL-11 binding site were relatively
rigid and do not undergo large motions on the time scale of the
simulation.

MD simulations of IL-11Ra with the disease-associated
mutations suggest that several of them destabilize key struc-
tural elements in the receptor or destabilize interdomain inter-
faces. One mutation, C72F, removes a disulfide bond in D1,
which likely has a role in stabilizing the unusual Ig fold of D1.
Introducing this mutation to D1 resulted in the loop joining
strands F and G adopting a markedly different conformation,
which may alter the stability of the domain (Fig. 2C, Fig. S2C,
and Movie S1).

A second mutation, P178T, is located in a loop in D2 that
faces D1. This mutation resulted in a shift in the relative pose
of D1 and D2, likely because of removal of the interaction of
Pro'”® with a pocket on D1 that stabilizes the D1/D2 inter-
face. However, in each replicate simulation, the final relative
orientation of D1 and D2 differed. (Fig. 2D, Fig. S2, D and E,
and Movie S2).

The R274W mutation is situated within the tryptophan—
arginine ladder in D3 of the receptor. This mutation destabi-
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Figure 2. Craniofacial disease-associated mutations in IL-11Ra. A, disease-associated mutations that have been identified in IL-11Ra. These mutations are
shown mapped onto the structure and primarily occur in D1, interdomain turns, and D3. B, structural dynamics from a 50-ns MD simulation of IL-11Ra. Panel
i, superposition of frames from the simulation. Five frames are shown, colored by simulation time. Coordinates were aligned to D2 in IL-11Ra. Panel ii, frames
are shown colored by Ca RMSD. C, frames from a 50-ns MD simulation of the C72F mutant. Frames are shown overlaid through the simulation. The WT IL-11Ra
simulation is shown for direct comparison. D, the structural impact of the P178T mutation, showing the location of Pro'’® at the D1/D2 interface (panel i) and
showing frames from the MD simulation (panel ii), showing that the P178T mutation destabilizes the native position of the D1. E, the structural impact of the
R274W mutation, showing the position of Arg?’4, at the extreme end of the tryptophan-arginine ladder in D3 (panel i). Arg>’* also forms a hydrogen-bond
network, stabilizing the D2/D3 interface, frames from an MD simulation (panel ii), showing that the R274W mutation disrupts the tryptophan-arginine ladder
and the D2/D3 interface. F, frames from a 50-ns MD simulation of the P199R mutant. Frames are shown overlaid through the simulation, with the WT IL-11Ra
simulation shown for direct comparison.

lized the tryptophan—arginine ladder and resulted in the desta-
bilization of the membrane-distal region of D3. Arg®>’* also
contributes to a hydrogen-bonding network at the D2/D3
interdomain interface in the WT receptor (Fig. 2E, Fig. S2F, and

SASBMB

Movie S3). The mutation thus destabilizes the D2/D3 linker
and results in an increase in flexibility at the D2/D3 interface,
potentially disrupting the IL-11-binding interface and reduc-
ing cytokine affinity.

J. Biol. Chem. (2020) 295(24) 8285-8301 8289
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The P199R mutation is located in the D2-D3 interdomain
linker. The mutation causes a slight increase in the D2-D3
interdomain distance but does not otherwise greatly alter the
interdomain pose or dynamics of IL-11R« (Fig. 2F, Fig. S2G,
and Movie S4).

Several other pathogenic mutations have little appreciable
impact on the structural dynamics within the time scale of the
simulation. For example, P43T does not greatly alter the flexi-
bility of the affected loop in D1, C108S does not appear to sig-
nificantly alter D2 through the simulation, nor does R239C
destabilize D3 or the tryptophan—arginine ladder in which it is
situated (Fig. S2, H-/). One mutation (H276R) is close to the
putative gp130-binding region of D3 and thus may act by
directly altering signaling complex formation at this interface.

Together our simulations show that the effect of a subset of
the craniosynostosis mutations in IL-11Re is to destabilize the
structure of IL-11Re. The P178T, R274W, and P199R muta-
tions have previously been shown to result in incomplete gly-
cosylation, leading to retention in the endoplasmic reticulum
and poor cell surface expression, contributing to reduced
IL-11-mediated STAT3 activation (11). Our results suggest
that destabilization of the structure caused by the P178T and
R274W mutations is sufficient to stall correct trafficking of the
receptor. D1 of IL-6Ra has previously been shown to be
involved in intracellular trafficking of the receptor (27). Thus,
destabilization of D1 or the D1/D2 interface in IL-11Ra by the
P178T mutation may result in alack of correct processing of the
receptor. In the case of the R274W and P199R mutations, desta-
bilization of the cytokine-binding surface at the junction
between D2 and D3 may also reduce the IL-11-binding capac-
ity of mutant IL-11Ra that is correctly expressed at the cell
surface, further reducing the potential for formation of the
active signaling complex. The apparently minor structural
effects of some mutations, such as P199R, that are positioned
distal to the putative cytokine- and gp130-binding regions of
the receptor, suggest alternative mechanisms that impair IL-11
signaling, for example, disruption of protein expression or
global receptor folding.

The high-resolution structure of IL-11

In our previous structure of human IL-11, parts of the long
loops between helices A and B and between helices C and D
were poorly defined (17). Mutagenesis suggests that the AB
loop is involved in binding IL-11R« (28), and in the structure of
the IL-6 signaling complex, the AB loop forms contacts to both
IL-11Ra and gp130 (6). To gain insight into these loops, we
solved a higher-resolution structure of IL-11.

To facilitate growth of crystals that diffracted to high resolu-
tion, we truncated IL-11 by 10 residues at the N terminus. We
named this new construct IL-11,;, (residues 11-178 of the
mature protein) and the full-length protein IL-11;. Both
IL-11g; and IL-11,,,have similar high thermal stability, as mea-
sured by differential scanning fluorimetry (Fig. S34) (29). Stim-
ulation of human colon cancer cell line, DLD1 with either
IL-11,,, or IL-11; results in similar levels of activation of
STAT1 and STAT3 (Fig. 3A), indicating that they have similar
biological activity. We note that N-terminally truncated IL-11
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constructs have been used previously with no reported altera-
tion in biological activity (30, 31).

Crystals of IL-11,,;, were rod-like plates in space group
P2,2,2. Initial phase estimates were obtained by molecular
replacement using our previous structure of IL-11 (PDB code
4MHL), and the new structure was refined at a resolution of
1.62 A (PDB code 6040; see summary statistics in Table 1 and
representative electron density in Fig. S3B). Overall, the struc-
ture of IL-11,,, is similar to our previously solved structure of
IL-11 (RMSD 1.5 A, Fig. S3C), forming a typical cytokine four-
a-helical bundle (Fig. 3B). The three receptor-binding sites of
the cytokine are not significantly altered in the structure (Fig.
3C) (17). A cis proline (Pro'®) is observed at the C-terminal end
of the 3, helical section of helix C. The equivalent proline in
our previous structure of IL-11 is in the trans configuration
(Fig. S3D). Both proline isomers are strongly supported by elec-
tron density in their respective structures, suggesting that
Pro'® can adopt either the cis or trans isomer and that the 3,
helix is dynamic in solution.

Our high-resolution structure of IL-11,,, allows the ex-
tended loops joining helices A and B and helices C and D to be
included in the model. The AB loop is formed by 26 residues
between Phe*® and Leu®® (Fig. 3D). The position of the loop is
stabilized by a hydrogen bond between Ser® and His®® in helix
B, and this region of the loop is thus well-defined in the election
density. Mutagenesis has previously implicated the C-terminal
end of the loop in receptor binding (28). This portion of the
loop is adjacent to site I and poorly defined in the electron
density.

The CD loop of IL-11 forms an unusually long polyproline
type II (PP2) helix (Fig. 3E), comprising 14 residues. The CD
loop is stabilized by several contacts between the loop and the
core of the cytokine (Fig. 3E). To our knowledge, an equiva-
lently long polyproline helix has not been observed in the struc-
ture of any other cytokine. The role of the PP2 helix is likely
structural, to efficiently join the C-terminal end of helix C and
the N-terminal end of helix D, which are 44 A apart, with a
relatively short sequence of 21 residues.

To further study the dynamic nature of the loops of IL-11, we
ran a series of short (100 ns) molecular dynamics simulations
on IL-11 (Fig. 3F). In the time scale of the simulation, the four-
a-helical bundle was stable and did not undergo large move-
ments (Fig. 3F and Fig. S3E). In agreement with NMR studies of
other IL-6 family cytokines, the a-helices showed “helical fray-
ing” and were more dynamic at the ends of the helices, com-
pared with the core (Fig. 3F) (32, 33). The PP2 helix structure of
the CD loop was preserved throughout the simulation,
although the loop underwent lateral movements. The AB loop
was generally highly dynamic on the time scale of the simula-
tion, although the central portion of the loop was stabilized by
interactions with the a-helical core. The C-terminal end of the
loop, which is implicated in IL-11Ra binding, was highly
dynamic on the time scale of the simulation.

We also used SV-AUC to show that IL-11,, is monomeric,
with no concentration-dependent increase in sedimentation
coefficient. The sedimentation coefficient was measured as 1.7
S (Fig. 3G and Fig. S3F), representing a molecular mass of 17.2
kDa (f/f, 1.28), in agreement with the sequence molecular mass
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Figure 3. Biological activity and crystal structure of IL-11,,. A, Western blotting, showing activation of STAT1 and STAT3 by IL-11, and IL-11,,, in the
colon cancer cell line, DLD1. B, two views of the structure of IL-11,,,. The four helices in the structure are labeled. C, regions previously implicated in binding
the IL-11 receptors. Site | is involved in binding IL-11Rq, and site [l and Il subsequently interact with the shared receptor gp130. D, panel i, the loop between the
A and B helices (AB loop; blue). The residues mutated in the IL-11 antagonist are indicated. Panel ii, the interaction between the loop and core 4-helix bundle
structure, with His'% and Ser”® forming a hydrogen bond. E, the CD loop (green), part of which forms a polyproline helix. Two views of the helix are shown in
panel i. The interactions stabilizing the N- and C-terminal parts of the polyproline helix are shown in panel ii. F, 100-ns MD simulation of IL-11 ,,,. Frames are
overlaid at 20-ns intervals, colored by a carbon (Ca) RMSD. The a-helical core is stable through the simulation, whereas the loops undergo dynamic motions.
G, continuous sedimentation coefficient (c(s)) distributions for IL-11,,,, at three concentrations, showing that it is monomeric in solution. H, small-angle X-ray
scattering data for IL-11,,,, overlaid with the theoretical scattering profile calculated from the crystal structure coordinates (x> = 1.43).

(18.2 kDa). The theoretical sedimentation coefficient calcu-  crystal structure coordinates (x* = 1.43) (Fig. 3H, Table S1, and
lated from the crystal structure was 1.8 S, in good agreement Fig. S3G). These experiments confirm that IL-11,;, is mono-
with the experimental value. SAXS data for IL-11,,,also agrees  meric in solution. Similar experiments show that IL-11p,; is
well with the theoretical scattering profile calculated for the monomeric in solution (Fig. S4, A-D).

SASBMB J. Biol. Chem. (2020) 295(24) 8285-8301 8291


https://doi.org/10.1074/jbc.RA119.012351
https://doi.org/10.1074/jbc.RA119.012351
https://doi.org/10.1074/jbc.RA119.012351

Structure of human interleukin 11« receptor

Ai)
15 . . . .
— 5uMIL-11Rog,
— 5 ML,
1 |
)
@
[§)
0.5} |
e A |
0 2 4 6 8 10
Spow (S)
B
10 60
9l
8l ” 150 =
S 7 g
X6 0=
— (@)
=5 D
30
Sa =
—~ ©
e @ 203
2 K]
T o
1 10=
0
-1 0

0 1 2 3 4 5

Elution volume (mL)
D
14000 . . .
—150 nM muGFP-IL-11
12000 4 | +1 uM IL-11Ra, .
—+200 nM IL-11Rag,
= = +90 nM IL-11Rq,
10000 +20 nM IL-11Ra .
. +7 nM IL-11Ra,
o 8000 % ]
—
2
& 6000 T
4000 T
2000 ]
" i

"é 6 7
Sedimentation coefficient (S)

— 5 UM IL-11Ra,,,,
— +5 UM IL-11, o

c(s) (87

— 5 puMIL-11Ra,,
— +5 UM muGFP-IL11

c(s) (87

4.6

LR
NS

Sedimentation coefficient (S) m
n A OO © »

o
n

< 0|~ °oo°o°°o°0000 ~|
-0.2 " f y
10°

10® 107

[IL-11Ra] (M)

10° 10°

Figure 4.SV-AUC analysis of the IL-11-IL-11Ra complex. A, continuous sedimentation coefficient (c(s)) distributions for the complex between IL-11Ragc and
IL-11 440 (panel i) and IL-11Rap,_p3 and IL-11 4,4 (panel ii). The complex was formed by mixing 5 um IL-11 and 5 um IL-11Ra prior to the experiment, with no
further purification. The c(s) distribution for 5 um IL-11Ragc or IL-11Rap,_ps is shown in all panels. B, SEC-MALS chromatograms (showing light scattering at 90°
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in complex with IL-11Ra. The complex was formed by mixing 5 um muGFP-IL-11 and IL-11Ra prior to the experiment, with no further purification. The c(s)
distribution for 5 um IL-11Rac is also shown. D, fluorescent-detected c(s) distributions for the muGFP-IL-11-IL-11Ra complex at concentrations close to the K,
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isotherm for muGFP-IL-11 binding to IL-11Ra. The concentration of muGFP-IL-11 was 150 nw, titrated with increasing concentrations of IL-11Ra. The best fit

to the data yielded a K, of 22 nm (68% Cl 14-35 nm).

IL-11 and IL-11R« interact with nanomolar affinity

We used SV-AUC to investigate the interaction between
IL-11 and IL-11Re. For these experiments, the complex was
formed by mixing 5 um IL-11,,,and 5 um IL-11Ra; immedi-
ately prior to the experiment, with no further purification. The
appearance of a peak in the c(s, ,,) distribution with a sedimen-
tation coefficient of 3.2 S, larger than either IL-11,,;, and
IL-11Ra alone, indicated formation of a complex between

8292 J Biol. Chem. (2020) 295(24) 8285-8301

IL-11Rag and IL-11,,, (Fig. 4A, panel i). The estimated
molecular mass of this species was 60.8 kDa, with f/f, of 1.71,
consistent with a complex forming with 1:1 stoichiometry (Fig.
S5A). A similar complex was formed between IL-11,;, and
IL-11Rap,_ps (Fig. 4A, panel ii: sedimentation coefficient, 3.3;
molecular mass, 55.8 kDa; f/f;, 1.61), between IL-11; and
IL-11Ror (sedimentation coefficient, 3.2; molecular mass,
60.5 kDa; f/f,, 1.71), and between IL-11;; and IL-11Rap;_ps
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Table 2

Isothermal titration calorimetry data
The values shown are means * S.E., n = 3 for all.

Structure of human interleukin 11« receptor

Incompetent
K, AH AS AG receptor fraction” T
nm kJ/mol J/mol-K kJ/mol K
IL-11,,,
IL-11Retc 40 =20 —24 * 0.6 65+7 —44 *+2 0.30 = 0.03 303
IL-11Rapy, ps 23+3 —25=*2 66 =7 —45 *+ 0.3 0.28 = 0.06 303
IL-11Rap, s 25+ 2 -10 = 0.4 120 + 10 —46 = 2.6 0.09 + 0.04 298
IL-11Raty; ps 130 = 20 41=*1 280 =5 —38*+04 0.05 = 0.02 283
IL-11R@p_pa/at00p 8+t4 —26 =09 70+ 6 —47 *+1 0.06 = 0.05 303
IL-11FL
IL-11Ra 55 = 14 —-25*1 59+ 6 —44 * 0.7 0.27 £ 0.03 303

“ Similar to N, see Ref. 60.

(Figs. S6A and S7D; sedimentation coefficient, 3.3; molecular
mass, 55.9 kDa; fIf,, 1.61).

We used multi-angle light scattering coupled with size-ex-
clusion chromatography (SEC-MALS) to provide additional
evidence for the formation of a 1:1 complex between IL-11
and IL-11Ra. We measured the absolute molecular mass of
IL-11,,, as 21.0 kDa, that of IL-11Rap,_ps as 36.3 kDa (Fig.
S6B), and that of the IL-11,,,—IL-11Rayp,; p5 complex as 51.1
kDa (Fig. 4B), consistent with a 1:1 complex.

To determine the dissociation constant for the IL-11-IL-
11Ra interaction, we used fluorescence-detected SV-AUC
(FD-AUC), which can accurately measure proteins present at
nanomolar and picomolar concentrations (34). We expressed
IL-115; N-terminally fused to a monomeric, ultrastable GFP
(muGFP) (35). SV-AUC showed that muGFP-IL-11 is mono-
meric across a wide concentration range (Figs. S6C and S8E)
and forms a complex with IL-11Ra in a 1:1 stoichiometry at
concentrations of 5 um of each component (Fig. 4C and Fig.
S5B). Complex formation was apparent at concentrations of
IL-11Ra in the nanomolar range, with two peaks observed in
(850, distributions corresponding to free muGFP-IL-11 and
muGFP-IL-11 in complex with IL-11Ra (Fig. 4D and Fig.
S5C). We generated a sedimentation coefficient isotherm for
the titration of IL-11Ra against muGFP-IL-11, which, when
fit to a 1:1 binding model, gave a K, of 22 nm (68% confidence
interval, 14—-35 nMm) (Fig. 4E and Fig. S5C). This is consistent
with the dissociation constant for similar site I cytokine—«a
receptor interactions. For example, IL-6 and IL-6R« interact
with a K, of 9 nm (6), IL-2 and IL-2R interact with a K, of 144
nMm (36), and IL-7 interacts with IL-7Ra with a K, of ~50 nm
(37). In each of these cases, the complete signaling complex is
formed by further high-affinity interactions between the
cytokine—a receptor complex and other receptors. These
experiments show that the IL-11-IL-11Rag interaction also
fits into this paradigm; an initial low-nanomolar affinity step to
form the complex between IL-11 and IL-11Ra occurs first,
allowing subsequent engagement by gp130.

The tendency of GFP to form weakly associating dimers with
a K, of ~100 um has previously limited the use of GFP in quan-
titative biophysical experiments (38). The monomeric, ultrast-
able GFP used here does not detectably dimerize (35), allowing
it to be used as a genetically encoded fluorescent tag for bio-
physical experiments. Previous efforts to use FD-AUC to mea-
sure high-affinity protein—protein interactions have generally
relied on covalent modification of one of the interacting part-
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ners with a fluorescent dye, with previous studies noting that
the use of covalent dyes as fluorescent labels alters the binding
properties of the proteins under investigation (39). The use of a
genetically encoded, monomeric fluorescent fusion tag over-
comes this limitation, allowing the accurate measurement of
nanomolar-affinity dissociation constants in the analytical
ultracentrifuge, without requiring the covalent modification of
one of the proteins involved in the interaction.

The IL-11-IL-11R« interaction is entropically driven

We used isothermal titration calorimetry (ITC) to comple-
ment our FD-AUC binding experiments above and to examine
the thermodynamic basis of cytokine—receptor engagement
(Table 2). ITC showed that IL-11,,, interacts with IL-11Raz
and IL-11Rap,; _ps with similar affinities, with K, values of 40 =
20 and 23 = 3 nM, respectively (n = 3, standard error; Fig. 54,
panels i and ii). These values are consistent with our SV-AUC
experiments and show that the C-terminal extension of
IL-11R« does not affect IL-11 binding. We also measured the
affinity for the interaction between IL-11; and IL-11Ragc, K,
of 55 = 14 nm (n = 3, standard error; Fig. S6D), showing that
deletion of the N terminus of IL-11 does not significantly alter
affinity for IL-11Ra (p = 0.58). The thermodynamics of the
IL-11,,0-1L-11Rety,_ps interaction are strongly driven by
entropy (AH = —25 = 2 kJ/mol, AS = 66 = 7 J/(molK)). We
also measured the IL-11,,,-IL-11Rap, 5 interaction using
ITC at two additional temperatures (283 and 298 K) to deter-
mine the heat capacity of the reaction, AC, (Fig. S6E, panels
i—iii, and Table 2). The heat capacity was measured as —3.3 =
0.07 kJ/(mol‘K) (means = S.E.). An empirical relationship exists
between heat capacity and total buried surface area, a large
negative AC, being consistent with a large buried surface area
(40—42). This suggests that the IL-11-IL-11Re interaction is
hydrophobic in nature, resulting in the burying of a large hydro-
phobic surface.

The cytokine-binding site of IL-11Ray lacks large charged
or hydrophilic regions, consistent with a hydrophobic interac-
tion that is primarily driven by a positive change in entropy.
This contrasts strongly with the IL-6-IL-6Re interaction,
which is strongly exothermic, with a corresponding unfavor-
able entropy change (AH —100 kJ/mol, AS —192 J/(mol-K) at
10 °C), a consequence of the structural differences between the
two cytokines and receptors (6). Thus, despite apparent struc-
tural similarity, IL-6Ra and IL-11Ra employ different thermo-
dynamic mechanisms to engage their cognate cytokines.
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Figure 5. Thermodynamics and molecular model of the interaction between IL-11 and IL-11Re. A, isothermal titration calorimetry isotherms for the
interaction between IL-11,,,and IL-11Rac (K, = 40 == 20 nm) (panel i), between IL-11 5, and IL-11Rap, _ps (Kp = 23 = 3 nm) (panel i), and between IL-11 5, ,and
IL-11RAp1_p3/aleop (Ko = 8 = 4 nm) (panel iii). A representative titration of three replicates is shown for each. All experiments were conducted at 30 °C (303 K)
with ~10 um IL-11Re in the cell and a 10-fold molar excess of IL-11,,, in the syringe. B, model of the IL-11Rag~IL-11,;, complex. Panel i, two views of the
complex. Panel ii, details of the interface with residues previously implicated in receptor binding highlighted. C, the experimental SAXS profile for the
IL-11Ra-IL-11,,, complex overlaid with the theoretical scattering profile calculated from the model coordinates (x* = 1.03). An ab initio model is presented in
Fig. S9D. D, continuous sedimentation coefficient (c(s)) distributions for the complex between IL-11Rap;_ps; and IL-11,,4/r1604- The broad peak in the c(s)
distribution suggests that the complex formed is lower affinity compared with IL-11,,,. E, c(s) distributions showing that IL-11Rap5 does not interact with
IL-11 5,0 at high affinity. No significant complex formation was observed with increasing concentrations of IL-11,,, in the presence of 5 um IL-11Rap;. F, c(s)
distributions for the complex between IL-11Rap;_p3/al00p aNd IL-11 ;4. The complex was formed by mixing 5 um IL-1TRap1_p3/a100p With 5 uM IL-115,4 and

centrifuged without further purification.
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A model of the IL-11-IL-11R« binary complex provides detail
of the structural mechanism of engagement

Cytokines generally bind to the CHR surface at the junction
between Fnlll domains D2 and D3, with D3 also involved in
interacting with other receptors comprising the complete sig-
naling complex (1). This region of IL-11R« is made up of four
loops, formed by residues 98 -106 (between strands A and B),
residues 129-145 (between strands C and D) and 160-169
(between strands D and E) in D2, and residues 220-232
(between strands B and C) in D3. Part of the loop between
strands C and D of D2 (residues 132—139 of chain A and 132—-
141 of chain B) was not defined in the electron density. To our
knowledge, a similar large and disordered loop in the CHR has
not yet been described for any other cytokine receptor. The
membrane-proximal region of D3 serves to engage gp130, to
complement the site II interaction on the cytokine. This region
is similar in topology and surface charge in both IL-6R« and
IL-11Re, suggesting that the mechanism of a-receptor engage-
ment with gp130 is similar between the two receptors.

The configuration of the CHR differs between IL-11Ra and
IL-6R« (Fig. S1C, panel i). In IL-11Re, the relative positioning
of D2 and D3, which is more similar to that of gp130 (Fig. S1C,
panel ii), creates a smaller cytokine-binding surface than
IL-6Ra. The electrostatic surface potential in the cytokine-
binding sites also differ between the two proteins (Fig. S1D).
The IL-6—binding site in IL-6R« is noticeably more charged
than that of IL-11Re;, with a negatively charged patch formed by
several acidic residues in the loop formed between strands F
and G in D3, which mediate a number of electrostatic contacts
to IL-6 in the IL-6 signaling complex (Fig. S1D) (6, 21). These
structural differences suggest that IL-11Ra employs different
structural mechanisms from IL-6Ra to engage its cognate cyto-
kine at Site-I.

To investigate the structural mechanism of IL-11 binding by
IL-11Re, we constructed a model of the IL-11-IL-11Ra com-
plex. Using the structure of the IL-6 signaling complex (PDB
code 1P9M (6)), we aligned IL-11 and IL-11Ra to their homo-
logous chains in the IL-6 complex and refined this model using
RosettaDock of the Rosie server (43, 44). Models were scored
using RosettaDock, and the top-scoring model was taken as the
representative model (Fig. 5B). An overlay of the initial model
and the final model is shown in Fig. S9A, the top 10 scoring
models are shown in Fig. S9B. Relative to the initial model, the
docked model shows a significant rotation of the pose of cyto-
kine with respect to the binding site on the receptor. The model
shows that the missing CD loop in D2 of IL-11Re«, which we did
not include in the model, is in close proximity to the binding
site.

Our model has a buried surface area of 567 A% at the interface
between IL-11 and IL-11Re, similar to that of the IL-6 —IL-6Ra
interface in the IL-6 signaling complex (706 A?). This is consis-
tent with the initial cytokine—receptor interaction forming a
transiently stable complex. The pose of D2 with respect to D3 of
IL-11R« is different from that of IL-6Ra, resulting in a differ-
ently shaped cytokine-binding surface (Fig. S9C), which may
account for the small difference in buried surface area. The
binding mode of the cytokine is overall similar, consistent with
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previous mutagenesis on IL-11 and our structure of IL-11 (17,
45-47).

SAXS analysis of the IL-11-IL-11Ra complex supports
the docked model. The complex was formed by mixing
IL-11Rap,_ps and IL-11,,, at an equimolar ratio, prior to
SAXS measurement. The molecular mass was measured as 50.1
kDa, consistent with a 1:1 complex, and in agreement with the
mass and stoichiometry determined by SV-AUC and SEC-
MALS (Table S1). Theoretical scattering for the docked model
fits the experimental SAXS data well (x* = 1.03) (Fig. 5C, Table
S1, and Fig. S7A), showing that the model accurately represents
the overall shape of the binary IL-11Ra~IL-11 complex. Simi-
larly, the model agrees well with an ab initio model of the com-
plex, generated using DAMMIN (Fig. S9, D and E). Likewise,
the theoretical sedimentation coefficient (3.3 S) matches the
experimentally determined sedimentation coefficient of the
IL-11Rap, ps—IL-11,,;, complex (3.3 S) (Fig. 4A, panel ii), fur-
ther supporting the 1:1 stoichiometry of the complex.

We used the PISA server to analyze the interactions formed
between the two proteins in the docked model. The major
interacting residues of IL-11 are Arg>3, Met*®, Ala®', Gly®?, and
several residues in the C terminus of the cytokine, particularly
Arg'® (Fig. 5B). Arg®, in the N-terminal helix of the cytokine,
and His'®" helix D both form hydrophobic interactions with
Phe®”, Leu?””, and Asp*’® in the FG loop in D3 of the receptor.
Similar contacts are formed in the five top scoring models. An
extensive contact is formed between the C-terminal region of
the cytokine and the receptor in the model. IL-11 residues
Asp'®®, Trp'®®, Arg'®®, Leu'”” and Leu'”? form an extensive
hydrophobic interaction with His*** and Phe**° in the BC loop
of D3 of the receptor, with a small contribution from Tyr'®? in
the ABloop of D2. A contact is also formed by Met*®, Ala®, and
Gly®? in the AB loop of IL-11 with Tyr'®® in the EF loop of D2 of
the receptor.

Because Arg ®” of IL-11 makes a key intermolecular contact
in our model, we constructed and purified the IL-11,;,,r160a
mutant. SV-AUC analysis of 5 um IL-11Ray,; 5 in the pres-
ence of 5 uM IL-11,;,,r1604 results in a peak in the sedimenta-
tion coefficient distribution of ~2.7 S (Fig. 5D and Fig. S8A),
less than that for the IL-11,,,-IL-11Rep, p3 complex (3.3 S),
showing that the R169A mutation substantially decreases affin-
ity for IL-11Rev. Stimulation of DLD1 cells with IL-11,;0,r1604
showed greatly reduced potency in activation of STAT3 than
the WT cytokine (Fig. S7B), consistent with the reduction in
IL-11Re binding leading to impaired formation of the active
signaling complex. Residues important for biological activity of
IL-11 have previously been identified by site-directed mutagen-
esis of human and mouse IL-11 (45-47), and these mutagenesis
experiments further support our model (Fig. SOF). Substitution
of Arg®, Asp'®®, Trp'®®, Arg'®’, Leu'”?, and Leu'”? all reduce
the biological activity of IL-11 (45—47). The N-terminal region
of the AB loop of IL-11, containing the interacting residues
Met*®, Ala®", and Gly®” has previously been targeted by phage
display and mutagenesis to alter the binding of IL-11 to
IL-11Rey; thus, this region has also been shown to be key for the
interaction.

Our model predicts that IL-11 forms interfaces of 225 and
369 A2 with D2 and D3, respectively. Previously, the isolated D3

169
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of IL-11Ra was reported to bind IL-11 with an affinity of 48 nm
(20). We expressed, purified, and refolded D3 of IL-11R« (IL-
11Ray,; residues 192-315 of the mature protein) from Esche-
richia coli inclusion bodies. SV-AUC analysis of IL-11Ray,;,
showed a single, narrow peak in the c(s,, ,,) distribution with a
sedimentation coefficient of 1.5 S (calculated from the fit to the
data at 28 um) and no concentration-dependent change (Figs.
S7C and S8F), indicating a homogenous product that did not
self-associate in the concentration range measured. CD spectra
of the refolded protein showed a characteristic all-8 spectrum,
with a positive peak at 230 nm, likely because of -stacking
interactions in the WSXWS motif (48) (Fig. S7D). **N-'H het-
eronuclear single quantum coherence spectra from the puri-
fied, refolded IL-11Ray,; were well-dispersed and showed seven
resolved tryptophan indole NH resonances of different
intensities and line widths, indicating that the protein is
folded (Fig. S7E).

SV-AUC analysis of IL-11Rap; (5 um) with increasing con-
centrations of IL-11,,, showed no concentration-dependent
increase in sedimentation coefficient, with weight average s, .,
values of 1.67 Sat 10 um IL-11,,,, 1.66 S at 20 um, and 1.62 S at
40 uM (Fig. 5E and Fig. S8B). Because the theoretical sedimen-
tation coefficient of the IL-11-IL-11Ra,; complex is 2.62 S,
these data suggest that IL-11Rap; does not bind IL-11 with
high affinity.

An apparently unique feature of the IL-11-binding site in
IL-11Reeis a dynamic loop between strands C and D in D2 of the
receptor. Our model of the binary complex suggests that this
loop may contact bound cytokine and therefore could have a
role in binding IL-11, through the formation of polar contacts
between the loop and cytokine or by providing additional bur-
ied surface area. To investigate this, we generated a construct,
IL-11R@p;_p3/aleop in Which residues 132-140 in the loop
were removed and replaced by two glycine residues. SV-AUC
showed that IL-11Rap;_p3/100p 1S monomeric in solution and
formed a complex with IL-11 ., with the expected 1:1 stoichi-
ometry (Fig. 5F and Fig. S8C). ITC showed that the K, of the
interaction between IL-11,,, and IL-11Rap, _p3,ate0p S 8 * 4
nMm (n = 3; Fig. 5A, panel iii), not significantly different from
that of IL-11,,,and IL-11Rap;_ps (p = 0.21). Thus, removal of
the loop does not significantly alter the affinity for the interac-
tion between IL-11Ra and IL-11,,,, suggesting that the loop
does not participate directly in cytokine binding.

It is possible that the dynamic loop functions to partially
shield the hydrophobic regions of the cytokine-binding surface
in the absence of cytokine, thereby reducing the potential of
this region to participate in deleterious, nonspecific interac-
tions. This function would be consistent with our observation
that other cytokine receptors that have more hydrophilic char-
acter at their cytokine-binding regions, such as IL-6Ra, do not
possess this dynamic loop structure.

Conclusion

The increasing identification of roles for IL-11 in a broad
range of diseases underscores the need to thoroughly under-
stand the structure of IL-11, its receptors, and the overall
molecular mechanism of IL-11 signaling complex formation.
Here, we have solved the crystal structure of human IL-11R«
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and a new structure of human IL-11 that reveals detail of func-
tionally important loop regions. We show that several muta-
tions in IL-11Re« that are associated with disease act to disrupt
key structural elements in IL-11Re, for example through dis-
rupting interdomain interfaces or conserved structural motifs
within the receptor. We present a model of the complex and
support this model through biophysical and mutagenic analy-
sis. We propose that a dynamic loop proximal to the cytokine-
binding region of IL-11Ra functions to protect this region from
nonspecific interactions. Our data elucidate the structural and
thermodynamic mechanisms of IL-11 binding by IL-11R« and
show that this engagement is mediated by both D2 and D3 of
the receptor. Together, this work reveals key structural deter-
minants of cytokine engagement by IL-11Ra on the pathway to
formation of the active signaling complex. This molecular
detail can be exploited in future development of agents that can
modulate this process.

Experimental procedures
Protein expression and purification

Human IL-11Ra with N-terminal honeybee-melittin sig-
nal peptide and C-terminal His, tag, was expressed in Sf21
insect cells. Recombinant protein was purified using nickel-
affinity chromatography and gel-filtration chromatography.
IL-11Rap;_pzand IL-11Rap; _p3/al00p With N-terminal honey-
bee-melittin signal peptide, Hisg tag, and TEV cleavage site
were expressed in Sf21 cells. Recombinant protein was purified
from conditioned media using nickel-affinity chromato-
graphy and gel-filtration chromatography. Cleavable tags were
removed using TEV protease. IL-11Ray,; was refolded and
purified from bacterial inclusion bodies as previously described
(20). AIl IL-11R« constructs contained the C226S mutation to
reduce formation of disulfide cross-linked dimers (20).

IL-11, IL-11,,4, and IL-11,;0,r1604 With the N-terminal
His, tag, maltose-binding protein, and a TEV protease cleavage
site (MBP-IL-11;; or MBP-IL-11,,,) were expressed in
BL21(DE3) E. coli cells. All constructs were purified by nickel-
affinity chromatography, followed by cation exchange chroma-
tography and gel-filtration chromatography. Tag removal was
achieved using TEV protease. muGFP-IL-11 was expressed
and purified as above with no TEV cleavage.

Crystallization and X-ray diffraction data collection

IL-11Rap was crystallized using the sitting-drop vapor-dif-
fusion method. Initial crystals were obtained at 293 K in the
precipitant 28% PEG 400, 0.2 m calcium chloride, and 0.1 M
sodium HEPES, pH 7.5. Crystallization drops were produced
by mixing 1.1 mg/ml IL-11Re in a ratio of 1:0.9:0.1 with the
precipitant and the endoproteinase Glu-C. Spherulites ap-
peared after 24 h and were used to prepare a microseed stock
(49). Subsequent seeding gave needle clusters in the condition
20% PEG 3350, 0.2 m lithium citrate. Seeding using these needle
crystals produced single crystals in the condition 0.1 M HEPES,
pH 8, 20 mMm sodium chloride, 1.6 M ammonium sulfate, 67 mm
NDSB-195. Crystallization drops were produced by mixing 1.5
pl of IL-11Rag (1 mg/ml), 0.65 ul of precipitant, 0.4 ul of
NDSB-195, 0.15 ul of Glu-C, and 0.3 ul of seed. Spindle-like
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crystals appeared after 48 h and grew to the approximate
dimensions 20 um X 7 um X 7 pum.

IL-11,,, was crystallized using the sitting-drop vapor-diffu-
sion method. Crystals were obtained at 293 K in the precipitant
30% PEG 3350, 0.2 M ammonium sulfate, 0.1 m Tris, pH 8.5.
Crystals appeared after 24 h as thick bundles of two-dimen-
sional plates. These crystals were used for microseeding, pro-
viding single crystals in the precipitant 18% PEG 3350, 0.1 m
Bis-Tris propane, pH 9, 0.2 M ammonium sulfate, 5 mMm prase-
odymium chloride. Crystallization drops were produced by
mixing 1.5 ul of IL-11,;, (5 mg/ml), 1.5 ul of precipitant, and
0.5 ul of seed. Plates appeared overnight and grew to the
approximate dimensions 500 X 20 X 5 um after equilibration
against precipitant for 1 week. Crystals were flash-cooled in
liquid nitrogen directly from crystallization drops, and X-ray
diffraction data were collected at 100 K at the Australian Syn-
chrotron MX2 Beamline (50).

X-ray diffraction data processing and structure refinement

Diffraction data were indexed, integrated and scaled using
XDS (51), analyzed using POINTLESS (52) and merged using
AIMLESS (53) from the CCP4 suite. Initial phase estimates for
IL-11R were obtained by molecular replacement with Phaser
(54), using individual domains of IL-11Ra from unpublished
Fab-bound structures as the search models. Refinement was
performed using phenix.refine with noncrystallographic sym-
metry torsion restraints (55), followed iteratively by manual
building using Coot (56). Several cycles of simulated annealing
were performed early in the refinement to reduce potential
model bias. Translation/libration/screw (TLS) refinement was
performed in the final rounds, with each domain defined as a
separate TLS group. Simulated annealing composite omit maps
were calculated using Phenix.

Initial phase estimates for IL-11,,, were obtained using
molecular replacement with Phaser (54), using our previous
structure of IL-11 (PDB code 4MHL) (17) as the search model.
Auto-building with simulated annealing was performed in phe-
nix.autobuild to reduce phase bias from the search model.
Refinement was performed in phenix.refine (55) with iterative
manual building using Coot (56). TLS refinement was per-
formed using a single TLS group containing all protein atoms.
Explicit riding hydrogens were used throughout refinement
and included in the final model; the atomic position and B fac-
tors for hydrogens were not refined. Structures were visualized
in PyMOL and aligned with the CE (57) algorithm in PyMOL.
Buried surface area was determined using the PISA server (23)

Residues of both structures are numbered according to the
mature protein sequence after cleavage of signal peptides.

Absorbance-detected sedimentation velocity analytical
ultracentrifugation

Absorbance-detected SV-AUC experiments were conducted
using a Beckman Coulter XL-I analytical ultracentrifuge,
equipped with UV-visible scanning optics. Reference and sam-
ple solutions were loaded into double-sector 12-mm cells with
quartz windows and centrifuged using an An-60 Tior An-50 Ti
rotor at 50,000 rpm (201,600 X g) and 20 °C. Radial absorbance
data were collected at 280 nm, in continuous mode. All exper-
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iments were conducted in TBS (20 mm Tris, 150 mm sodium
chloride), pH 8 or 8.5. IL-11,,, and muGFP-IL-11 was centri-
fuged at concentrations of 0.8, 0.4, and 0.2 mg/ml. IL-11Ra was
centrifuged at concentrations of 0.75, 0.5, and 0.25 mg/ml.
Complexes of IL-11 and IL-11Ra were prepared by mixing 5 um
each of IL-11 and IL-11Ra and centrifuged without further
purification. Sedimentation data were fitted to a continuous
sedimentation coefficient, c¢(s), model, and the frictional ratio
(f1f,) was fit using SEDFIT (58). Buffer density, viscosity, and
the partial specific volume of the protein samples were calcu-
lated using SEDNTERP (59). For the complexes between IL-11
and IL-11Ra and between muGFP-IL-11 and IL-11Re, the par-
tial specific volume used was 0.73 ml/g. The theoretical sedi-
mentation coefficients of IL-11,,,and IL-11Ra were calculated
using HYDROPRO, using standard conditions (water, 20 °C)
(24).

Fluorescence-detected sedimentation velocity analytical
ultracentrifugation

Fluorescence-detected SV experiments were conducted
using a Beckman XL-A analytical ultracentrifuge, equipped
with an Aviv Biomedical fluorescence detection system. Sample
solutions were loaded into double-sector 12-mm cells with
quartz windows and centrifuged using an An-50 Ti rotor.
Experiments were conducted at 50,000 rpm (201,600 X g) and
20 °C. muGFP-IL-11 was centrifuged at a concentration of 150
nM (0.007 mg/ml).

To generate the sedimentation coefficient isotherm, the con-
centration of muGFP-IL-11 was 150 nMm, and a 1.5-fold serial
dilution series of IL-11Ra was prepared starting from a concen-
tration of 1 um in TBS, pH 8.0. To prevent nonspecific absorp-
tion of muGFP-IL-11 to cell components, 0.2 mg/ml k-casein
(Sigma-Aldrich) was added to the samples (34). Sedimentation
velocity data were processed in SEDFIT as above. c(s) distribu-
tions were integrated between 1.0 and 6.0 S. The isotherm was
fitted to a 1:1 heteroassociation model in SEDPHAT, with K,
and the sedimentation coefficients of muGFP-IL-11 and the
complex floated in the analysis (60). The 68% confidence inter-
val was estimated using SEDPHAT.

Small-angle X-ray scattering

SAXS experiments were conducted at the Australian Syn-
chrotron SAXS/WAXS Beamline, using co-flow to limit radia-
tion damage and allow higher X-ray flux onto the sample and an
optimized chromatography system to limit sample dilution
(61-63). The X-ray beam energy was 11,500 eV (A = 1.078 A).
ForIL-11,,,and IL-11;, the sample-to-detector distance used
was 2038 mm, providing a total g range of 0.007—0.664 A™*,
q = (4msin@)/A. For IL-11Re,, 5 and the IL-11Ray, _ps—IL-
11,,, complex, the sample-to-detector distance used was 2539
mm, providing a total ¢ range of 0.006—0.534 A~'. The data
were collected following fractionation with an in-line size-
exclusion chromatography column (Superdex 200 5/150 In-
crease, GE Healthcare,) pre-equilibrated in TBS, pH 8.5, 0.2%
sodium azide. The IL-11Rayp;_pz—IL-11,;, complex was pre-
pared by mixing IL-11Rap,_ps and IL-11,;, in a 1:1.5 molar
ratio. The data were collected from a 1.5-mm capillary under
continuous flow, with frames collected every second. Data
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reduction was performed using the Scatterbrain software, SEC-
SAXS analysis using CHROMIXS (64), and the ATSAS suite
(64, 65). Theoretical scattering profiles from the crystal struc-
ture coordinates were calculated and fit to the experimental
scattering data using CRYSOL (66). Ab initio models were cal-
culated using DAMMIF (67) and DAMMIN (68, 69). Ten mod-
els were calculated using DAMMIF, the models were averaged
using DAMAVER, and the averaged model was used as a start-
ing model for DAMMIN. A summary of the SAXS data acqui-
sition and processing is given in Table S1.

Molecular dynamics simulations

All MD simulations were performed using NAMD 2.1.3b1
(70) and the CHARMM22 force field (70, 71) at 310 K in a water
box with periodic boundary conditions. Simulations were ana-
lyzed in VMD 1.9.3 (72). A model of IL-11Ra was created based
on chain B of the crystal structure. The missing loop (residues
132-141) was rebuilt using the PHYRE?2 server (73). The miss-
ing loop was excluded from all representations of the trajecto-
ries and the analysis. The disordered C terminus was not sim-
ulated in the model. The structures were solvated (box size,
88.8 X 126.6 X 53.9 A), and ions were added to an approximate
final concentration of 0.15 M NaCl. Simulations of IL-11R« was
carried out with 10-ps minimization, followed by 50-ns MD.
Mutations were introduced to this equilibrated model, and a
further simulation was carried out with 10-ps minimization and
then 50-ns MD. An additional 50-ns MD was also performed
for the unmutated IL-11Ra. The interdomain distance distri-
butions were calculated using a script in VMD, which defined a
centroid for each of the three domains and measured the
change in distance through the MD simulation. A model of the
complete IL-11,,, structure was created based on the crystal
structure. For residues with multiple orientations, only one ori-
entation was selected. The structure was solvated (box size,
53.6 X 53.1 X 74.9 A), and ions were added to an approximate
final concentration of 0.15 M NaCl. A MD simulation was per-
formed using a 10-ps minimization time, followed by 100-ns
MD.

Differential scanning fluorimetry

Protein samples were analyzed by differential scanning fluo-
rimetry at a concentration of 0.1 mg/ml in TBS, pH 8.5, with
2.5X SYPRO Orange dye (Sigma—Aldrich). 20 ul of the sample
was loaded into a 96-well quantitative PCR plate (Applied Bio-
systems), and four technical replicates of each sample were ana-
lyzed. The plates were sealed, and the samples were heated in an
Applied Biosystems StepOne Plus quantitative PCR instru-
ment, from 4 to 95 °C, with a 1% gradient. The unfolding data
were analyzed using a custom script in MATLAB r2016a. The
temperature of hydrophobic exposure (7)) was defined as the
minimum point of the first derivative curve and used to com-
pare the thermal stability of different proteins (29).

Isothermal titration calorimetry

Protein samples were buffer exchanged into TBS, pH 8.5,
using gel filtration before analysis by ITC. ITC data were col-
lected at 303 K using a MicroCal iTC200 (GE Healthcare).
Titrations were performed using 15 injections of 2.5 ul of IL-11,
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after an initial injection of 0.8 ul. IL-11Ra was present at a
concentration of 10 uM, and the concentration of IL-11 was
10-fold greater than the concentration of IL-11Ra. Titration
data were integrated using NITPIC (74, 75) and analyzed in
SEDPHAT using a 1:1 interaction model (60). Each titration
was conducted in triplicate. The values stated are the means =
S.E.

In vitro cell culture

DLD1 cells were grown in RPMI + 10% fetal calf serum, in a
5% CO, atmosphere. The cells were grown to confluency in
6-well plates, the medium was removed, and the cells were
treated with IL-11,,, or IL-11,, ata concentration of 50 ng/ml
in RPMI or RPMI as a vehicle control and incubated for 1 h. The
cells were then washed with cold PBS and lysed in radioimmune
precipitation assay buffer. Protein concentration was deter-
mined by the bicinchoninic acid assay. Lysates were diluted
with SDS-PAGE loading buffer, resolved on a 10% polyacryl-
amide gel, and wet-transferred to a nitrocellulose membrane.
The membranes were blocked, incubated with the indicated
primary antibodies (for phospho-STAT3 CST catalog no. 9145;
for phospho-STAT1 CST catalog no. 9167, for total STAT3
CST catalog no. 4904 for total STAT1 CST catalog no. 9172,
and for actin Sigma catalog no. A1978), then detected using
conjugated fluorescent secondary antibodies (Odyssey catalog
no. 926-32211/926-68072), and visualized using the Odyssey IR
imaging system (LI-COR Biosciences). Original membranes are
shown in Fig. S10.

Docking

In silico docking was performed using the Docking2.0 algo-
rithm, part of the ROSIE server (43, 44, 76). An initial approx-
imation of the complex orientation was generated by overlaying
the IL-11Ra and IL-11 structures with IL-6Re« and IL-6 in the
IL-6 signaling complex structure (6). This model was used as
input to the docking_local_refine protocol of RosettaDock,
which limits rotations/transitions of the complex components.
The models were scored by RosettaDock. The top-scoring
model was taken as the representative model. Buried surface
area and interacting residues were determined using the PISA
server (23).

CD spectroscopy

CD experiments were conducted using an Aviv CD spec-
trometer (410-SF). Spectra were collected for 12 um IL-11Ray4
at 20 °C, in 50 mMm sodium phosphate, pH 8.0, over a wavelength
range of 260-190 nm in 1-nm steps with an averaging time of
4 s, using a 1-mm-path length quartz cuvette. Each measure-
ment (sample and blank) was collected in triplicate. The buffer
signal was subtracted, and the data were converted to mean
residue ellipticity.

Multi-angle light scattering

SEC-MALS data were collected using a Shimadzu LC-20AD
HPLC, coupled to a Shimadzu SPD-20A UV detector, Wyatt
Dawn MALS detector and Wyatt Optilab refractive index
detector. The data were collected following in-line fraction-
ation with a Zenix-C SEC-300 4.6 X 300-mm SEC column
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(Sepax Technologies), pre-equilibrated in 20 mm Tris, 150 mm
sodium chloride, pH 8.5, running at a flow rate of 0.35 ml/min.
10 wl of sample was applied to the column at a concentration of
~2mg/ml. The IL-11Rap;_pz—IL-11,;,complex was prepared
by mixing equimolar concentrations of the components prior
to the experiment. MALS data were analyzed using ASTRA,
version 7.3.2.19 (Wyatt). The detector response was normal-
ized using monomeric BSA (Pierce, catalog no. 23209). Protein
concentration was determined using differential refractive
index, using a dn/dc of 0.184.

NMR spectroscopy

'5N-IL-11Ray,; was expressed using the method of Marley et
al. (77), purified, and refolded as previously described (20), and
successful incorporation of '°N was confirmed using electros-
pray ionization—TOF MS. ">N-'H heteronuclear single quan-
tum coherence spectra were collected on an 18.8 T Bruker
Avance II spectrometer ('H resonance frequency 800 MHz), at
283 K, on 130 uM *°N-IL-11Ray, 5, 20 mm Bis-Tris, 50 mm argi-
nine, 10% *H,O, pH 7. The spectra were processed using
NMRPipe (78) and visualized using NMRFAM-SPARKY (79).

Statistical analysis

Statistical significance was determined using a two-tailed,
paired ¢ test in Microsoft Excel, version 16.27 for Mac OSX.

Data availability

Coordinates and structure factors for IL-11Ragc and IL-11,;,
have been deposited in the Protein Data Bank with accession codes
604P and 6040, respectively. SAXS data and models for IL-11,,,,
IL-11p;, IL-11Rap;_p3, and the IL-11,,,~IL-11Rayy,_p3 complex
have been deposited in the Small Angle Scattering Biological Data
Bank with accession codes SASDGH2, SASDGJ2, SASDGG2, and
SASDGK2, respectively. All other data are contained within the
manuscript and the supporting information.
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