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Abstract

Interleukin 27 (IL-27) is a cytokine that regulates inflammatory responses. It is composed of an a subunit
(IL-270a) and a B subunit (EBI3), which together form heterodimeric IL-27. Despite this general principle, IL-27
from different species shows distinct characteristics: Human IL-27a is not secreted autonomously while EBI3
is. In mice, the subunits show a reciprocal behavior. The molecular basis and the evolutionary conservation of
these differences have remained unclear. They are biologically important, however, since secreted IL-27
subunits can act as cytokines on their own.

Here, we show that formation of a single disulfide bond is an evolutionary conserved trait, which determines
secretion-competency of IL-27a. Furthermore, combining cell-biological with computational approaches, we
provide detailed structural insights into IL-27 heterodimerization and find that it relies on a conserved interface.
Lastly, our study reveals a hitherto unknown construction principle of IL-27: one secretion-competent subunit
generally pairs with one that depends on the other to induce its secretion.

Taken together, these findings significantly extend our understanding of IL-27 biogenesis as a key cytokine

and highlight how protein assembly can influence immunoregulation.

© 2019 Elsevier Ltd. All rights reserved.

Introduction

Secreted proteins like cytokines, extracellular en-
zymes or antibodies are produced in the endoplasmic
reticulum (ER) and released by cells to interact with
their environment. In multicellular organisms, most
physiological functions essentially depend on secreted
proteins. Interleukins (ILs), as a prime example,
mediate immune cell communication. They maintain
organism homeostasis by activating or suppressing
defense mechanisms. It is thus of utmost importance
that secreted ILs possess their correct structure, which
defines their biological activity. A dedicated quality
control (QC) system in the ER, composed of chaper-
ones and folding enzymes [1,2], ensures that ILs and
other secretory proteins fold and assemble correctly
before being released into the extracellular space.

0022-2836/© 2019 Elsevier Ltd. All rights reserved.

For interleukin 27 (IL-27), a member of the hetero-
dimeric IL-12 cytokine family [3,4], cellular QC is not
only a means to prevent secretion of aberrant proteins,
but also a way to modulate immune reactions: IL-27
consists of the a subunit IL-27a and the B subunit
Epstein—Barr virus induced gene 3 (EBI3) [5]. IL-27 is
secreted by antigen-presenting cells and signals via a
heterodimeric receptor composed of IL-27Ra and
gp130 to regulate immune functions, mainly by
controlling T cell differentiation [4-9]. In mice, IL-27a
is stabilized by a single disulfide bond and therefore can
pass ERQC and be secreted from cells without its
partner subunit EBI3 to act within the murine cytokine
repertoire [5,10-13]. In humans, however, IL-27a is
incompletely folded in isolation and depends on EBI3 to
leave the cell [5,13]. Interestingly, EBI3 behaves
reciprocally to IL-27a in these two species: human
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EBI3 can be secreted in absence of human IL-27a [5]
and has been proposed to be an immunomodulator of
maternal tolerance during pregnancy [14]. Murine
EBI3, in contrast, is retained in cells and cannot be
secreted without its a subunit [5,15]. The molecular
mechanisms underlying EBI3 retention versus secre-
tion remain unclear. Furthermore, although immuno-
logical functions of IL-27 have been well characterized
[8,9], its structure remains unresolved. While IL-27a is
predicted to have the typical 4-helix bundle structure of
type | cytokines [16], EBI3 is homologous to soluble
members of the class | cytokine receptor family like
IL-6Ra, consisting of two Fibronectin Il domains
connected by a hinge region [17].

To provide insights into general construction
principles of the key cytokine IL-27, further define
its structural setup and immunoregulatory capabili-
ties, we pursued an approach combining evolution-
ary analyses with structural investigations. We
define basic criteria of IL-27a and EBI3 secretion
and show how the IL-27 system has evolved to
maintain immune balance in various organisms.

Results

Disulfide bond formation is an evolutionary
conserved determinant for IL-27a secretion

In all species examined, IL-27 is a heterodimeric
cytokine composed of IL-27a and EBI3 (Fig. 1a). Its
assembly control, however, varies in different
organisms: Human IL-27a (hIL-270q) is retained in
the cell and can only be secreted upon co-
expression of its  subunit EBI3 [5]. Murine IL-27a
(mIL-27a), in contrast, is secretion-competent on its
own and acts as a cytokine [5,10-12] (Fig. 1a). Very
recently, it has been shown that the folding- and
secretion-competency of human and murine IL-27a
can be changed by introducing or eliminating a

single disulfide-bond forming Cys residue, respec-
tively [13]. In order to reveal if disulfide bond
formation is a more general, evolutionary conserved
trait that defines autonomous IL-27a secretion, we
performed a multiple sequence alignment of IL-27a
from 15 different species, laying emphasis on the
number and location of Cys in the sequences
(Supplementary Fig. S1a). This alignment allowed
us to group IL-27a into five different classes. These
either contain no Cys (class 1), a single Cys (class II),
two Cys with the second Cys being located centrally
(class Ill) or towards the C-terminus of the protein
(class 1V), or three Cys (class V) (Fig. 1b and
Supplementary Fig. S1a). To structurally understand
how the Cys residues are arranged within the
proteins, we generated homology models for the
various a subunits (Fig. 1c and Supplementary Fig.
S1b). The modeled structures illustrate that, when-
ever present, the first Cys is always located in the
second a-helix of IL-27a. The second Cys is located
either in a characteristic poly-Glu loop of IL-27a [18]
(class 1ll and V) or towards the C-terminus of the
protein (class IV), where also the third Cys in class V
is located (Fig. 1b and c).

Based on this in silico analysis, we proceeded to
test two hypotheses concerning IL-27a experimental-
ly. First, that predicted proximity of two Cys in the
modeled structure is sufficient for disulfide bond
formation to occur. And second, that disulfide bond
formation correlates with autonomous secretion of IL-
27a. Towards this end, we analyzed the secretion
behavior and disulfide bond formation of representa-
tives from each class. In complete agreement with our
hypotheses, we found that whenever none or a single
Cys was present, IL-27a was dependent on assembly
with EBI3 for secretion (classes | and Il, Fig. b and d
and Supplementary Fig. S1b and c). In agreement
with this data, IL-27a of classes | and |l did not form a
disulfide bond (Fig. 1e and Supplementary Fig. S1d).
The presence of two or more Cys, however, always

Fig. 1. Folding- and secretion-competency of IL-27a depend on disulfide bond formation. (a) Schematic of the
heterodimeric IL-27, consisting of the non-covalently linked subunits IL-27a and EBI3. In humans (left box), IL-27a is
retained in cells in isolation and depends on co-expression of EBI3, whereas in mice (right box), IL-27a is secretion-
competent and is needed to induce EBI3 secretion. (b) Classification of IL-27a was performed according to the number
and location of Cys residues. Species belonging to each class are listed — with the representative species selected for
experiments in bold. The location of Cys (red) in helix 2 (box, gray), loop 3 (line, black) and/or the C-terminus (C) are
depicted within a schematic structure of IL-27a. Parenthesized species share the same number of Cys but slightly differ in
Cys location compared to the class consensus. (c) Homology models of IL-27a subunits from representative species of
classes I-V. Within the 4-helix bundle structure, Cys residues (red) and predicted N-glycosylation sites (blue) are shown in
a CPK representation. (d) Secretion-competency of IL-27a varies between classes. IL-27a of class | (no Cys) or class I
(single Cys) is retained in cells in isolation (L), whereas co-expression with human EBI3 (hEBI3) induces its secretion (M).
With two or three Cys (classes llI, IV and V), IL-27a is secretion-competent even in absence of the 8 subunit. 2% L/M were
applied to the gel and blotted with the indicated antibodies. Hsc70 served as a loading control. (e) Disulfide bond formation
as a prerequisite for folding- and secretion-competency of IL-27a. Secretion-competent IL-27a (classes 1ll-V) forms a
disulfide bond. Secreted a subunits were analyzed by non-reducing SDS-PAGE and blotted with anti-V5 antibody. 1-2%
medium (M) were applied to the gel and blotted with the indicated antibodies. Where indicated (+), samples were treated
with B-mercaptoethanol (3-Me) to reduce disulfide bonds. To highlight mobility differences, dashed lines are shown.
N-glycosylated IL-27a from B. taurus, M. musculus and R. norvegicus were deglycosylated with PNGase F prior to SDS-
PAGE analysis. (d, e) L, lysate. M, medium. MW, molecular weight.
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Fig. 2. A structural analysis of IL-27 heterodimerization. (a) hiL-27a"V®"%, hEBI3™""® and hEBI3?'°F but not
hEBI3E'S®R disrupt subunit interactions in IL-27. EBI3P2'°R contained a C-terminal FLAG-tag. (b) Molecular docking of
human IL-27 shows hIL-27a"/®7, hEBI3™” and hEBI3P2'° to be located within the interface of the human a and B subunit.
Helices 1-4 (H1—4) in IL-27a are indicated. (c) The hIL-27a™2'%E mutation disrupts IL-27 formation. (d) Comparison of
docked IL-27 with IL-12 and IL-23 crystal structures. Disulfide bonds in IL-12 and IL-23 are shown in a CPK representation.
Helices 1-4 (H1-4) in the a subunits are indicated. (a, c) L, lysate. M, medium. MW, molecular weight. 2% L/M were
applied to the gel and blotted with the indicated antibodies. Hsc70 served as a loading control.
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Fig. 3. Anevolutionary conserved molecular construction principle of IL-27. (a,b) In all species tested, secretion-competent
EBI3 subunits pair with secretion-incompetent IL-27a subunits to form IL-27 and vice versa. (a) EBI3 is secretion-competent
(M) in isolation whenever its corresponding IL-27a is secretion-incompetent alone. (b) EBI3 from species with secretion-
competent IL-27a is secretion-incompetent and thus retained in cells in isolation (L). Darker exposures are shown for EBI3 in
Supplementary Fig. S83. (c) Secretion-incompetent hlL-27a was co-expressed with EBI3 from different species, being itself
either secretion-competent or -incompetent as indicated. Secretion-incompetent EBI3 proteins were not able to induce
hIL-27a secretion except for polar bear EBI3. (d) The secretion-incompetent mIL-27a°'%8- mutant and mEBI3 mutually induce
their secretion. (e) EBI3 forms homodimers. 35% lysate or medium of cells transfected with FLAG-tagged EBI3/mock and/or
HA-tagged EBI3 was immunoprecipitated with anti-FLAG antibody, applied together with input samples to the gel
and immunoblotted with the indicated antibodies (MW, molecular weight). (a-d) L, lysate. M, medium. MW, molecular weight.
2% L/M were applied to the gel and blotted with the indicated antibodies. Hsc70 served as a loading control.

rendered IL-27a secretion-competent in isolation
(classes lll, IV and V in Fig. 1b and d). Autonomous
secretion of IL-27a was always concurrent with
disulfide bond formation (Fig. 1€). In agreement with
the structural models, a larger number of residues

between Cys connected by an intramolecular disulfide
bond resulted in a larger shift of IL-27a under non-
reducing conditions on SDS-PAGE gels (e.g. mouse
versus polar bear IL-27a in Fig. 1e). Furthermore,
whenever N-linked glycosylation sites were predicted
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(Fig. 1c and Supplementary Fig. S1a and b),
modification of these sites upon secretion could be
detected (Fig. 1d and Supplementary Fig. S1c and e).
Remarkably, human EBI3 (hEBI3) was able to induce
or increase secretion of IL-27a from all species tested
(Fig. 1d and Supplementary Fig. S1c). Taken togeth-
er, our data show that disulfide bond formation is an
evolutionary conserved determinant for autonomous
secretion and thus potential biological functions of
IL-27a. Furthermore, our findings point towards a
conserved mode of IL-27 heterodimerization that we
next investigated further.

A structural analysis of the IL-27 interface reveals
evolutionary conservation

Despite its important immunological functions, no
experimentally determined structure is available for
IL-27 yet. Thus, to provide further structural insights
into IL-27 heterodimerization, we decided to use a
mutational approach combined with docking and
molecular dynamics (MD) simulations. A broad set of
mutations was selected based on i) a previous
structural analysis of IL-27 heterodimerization [16],
and ii) the homology of IL-27 to CNTF, IL-12 and
IL-23 [16,19-22]. This approach led to nine possible
interface residues (Fig. 2a and b and Supplementary
Fig. S2a), which we tested experimentally by single
point mutations. To investigate the effect of the
different mutations, we analyzed hEBI3-induced
secretion of hIL-27a. Secretion of hiL-27a can be
assessed via O-glycosylation, which occurs during
Golgi passage: while hIL-27a populates a single
species only detectable in the lysate (L, Fig. 2a),
co-expression of hEBI3 induces secretion into the
medium concomitant with the formation of different
O-glycosylated species (M, Fig. 2a) [13]. Using this
assay, we found that in agreement with previous
data [16], hiL27aV®"R hEBI3 "R and hEBI3P21°R
disrupted hIL-27a secretion (Fig. 2a). The hEBI3F'%9R
mutant, in contrast to what has been reported
previously [16], did not inhibit hIL-27a secretion in
our experiments (Fig. 2a). This is in agreement with
studies on mouse EBI3 [23] and may be due to the
different assays used: induction of hlL-27a secretion
by EBI3 would also report on weak interactions, as
opposed to co-immunoprecipitations [16]. All other
five residues tested did not inhibit EBI3-induced
secretion of hIL-27a (Supplementary Fig. S2b-d).
Together, this provided us with a comprehensive set
of disruptive and non-disruptive single point mutants,
which we used to guide a docking approach combined
with MD refinement simulations (Fig. 2b). In the
obtained model, Trp97 of hIL-27a is located at the
center of the interface and binds at the hinge region
between the two domains of hEBI3. It contacts Phe97
and, in addition, several other residues in hEBI3 such
as Leu96, Thr209 and Asp210. The model predicts a
salt bridge contact between Arg216 in hlL-27a and

Asp210 in hEBI3 as well as a stacking contact
between Phe94 (hiL-27a) and Phe97 (hEBI3) that
further stabilizes binding. In order to test our model
experimentally, we substituted Arg216 in hlL-27a with
a negatively charged Glu residue, which would
interrupt the predicted interaction between hIL-27a
Arg216 and hEBI3 Asp210 (Fig. 2b). In complete
agreement with our docking, the mutant hiL-27a"216E
disrupted IL-27 formation (Fig. 2c). The model was
also compatible with all residues found to be of lesser
or no importance for binding on both partners
(Supplementary Fig. S2a-d) since these residues
are not at the interface, with the exception of Arg219in
hIL-27a. However, the guanidinium group of Arg219
does not form any specific contact, e.g. a salt bridge
with the hEBI3 partner, compatible with the finding that
substitution of this residue did not interfere with
complex formation (Supplementary Fig. S2c, right
panel). Importantly, all the IL-27a residues that form
the predicted interface (defined as residues in contact
with residues of the hEBI3 partner, i.e. a side chain
atom-atom distance of <5 A) are highly conserved
among the IL-27a molecules from different species
(Supplementary Fig. S2e). This is consistent with our
finding that human EBI3 could induce secretion of
IL-27a from all tested species (Fig. 1d). Interestingly,
despite this fact, some differences appeared to exist in
the molecular details of interactions: co-expression of
hEBI3™"R could not induce secretion of IL-27a from
Tasmanian devil and monkey, like observed for
human IL-27a (Fig. 2a and Supplementary Fig. S2f).
IL-27a from cow and pig, however, were able to leave
the cellin the presence of this mutant (Supplementary
Fig. S2f). A comparison of IL-27a residues from these
species, predicted to be located at the interface with
hEBIS3, did not indicate any difference (Supplementary
Fig. S2e). Hence, the structural model suggests that
the origin of the different behavior of IL-27a from
Tasmanian devil and monkey versus cow and pig is
not associated with residue differences at the subunit
interface. It might thus be possible that hEBI3™"" has
generally lower affinity to (any) IL-27a and this weak
subunit association is sufficient for IL-27a from pig and
cow to fold correctly and assemble, whereas it is
insufficient in case of IL-27a from Tasmanian devil
and monkey.

Similar to the known structures of IL-12 [19] and
IL-23 [20], helix 4 (H4) of hIL-27a contributed most to
the interface with hEBI3 (Fig. 2d). Interestingly,
despite this overall similarity, the arrangement of
the hIL-27a subunit relative to the B subunit was
slightly rotated and translated in the IL-27 model —
which positions the residues found critical for IL-27
formation at the interface — compared to the
corresponding placement in the IL-12 and IL-23
complexes (Fig. 2d). A global arrangement like in
IL-12 and IL-23 would shift the critical Trp97 in
IL-27a away from the interface. Note, that both in the
IL-12 and IL-23 complex the arrangement of a and



Construction Principles of IL-27

2389

IL-27,

EBI3

) —

C V’ ‘ folding

secretion-incompetent IL-27a
secretion-competent EBI3

EBI3

ER/Golgi

IL-27a IL-27c

—_—

folding

secretion-competent IL-27a
secretion-incompetent EBI3

B partners is stabilized by an intermolecular disulfide
bond (Fig. 2d) that is absent in IL-27 and may
contribute to the slightly shifted arrangement. Taken
together, our approach provides an improved struc-
tural model for IL-27 that is compatible with our
comprehensive mutational analysis and reveals
molecular details of af heterodimerization modes
within the IL-12 family.

Reciprocally induced secretion of its constituent
subunits is an evolutionary conserved trait
of IL-27

Reminiscent of the IL-27a subunit, the IL-27(3
subunit EBI3 shows a different secretion behavior
depending on the species. In humans, EBI3 can be
secreted without co-expressing its corresponding
IL-27a subunit, albeit weakly ([24] and Fig. 3a). In
contrast, in mice, IL-27a is needed to induce EBI3
secretion ([5,15] and Fig. 3b). Interestingly, in both
species, one secretion-competent subunit thus pairs
with one secretion-incompetent subunit to form
IL-27, only differing in the allocation of these traits
to a or B subunit (depicted by the scheme in Fig. 3a
and b on the right). Intrigued by this observation,
we investigated if this construction principle was
evolutionary conserved by testing the secretion-
competency of the 8 subunit from species, where the
a subunit is either secretion-incompetent (monkey
and cow) or secretion-competent (polar bear and
rat). Strikingly, EBI3 from monkey and cow were
secreted into the medium without co-expression

Classes | and Il
(H. sapiens)
(M. mulatta)

extracellular

(B. taurus)

Fig. 4. A model for IL-27 biogen-
esis. Secretion-incompetent IL-27a
(classes | and Il) pairs with secre-
tion-competent EBI3 and vice versa
(classes llI, IV and V). Species from
which IL-27 was investigated in this
study are shown in brackets.
Disulfide bond formation (S-S)
determines folding and secretion-
competency of IL-27a subunits.
IL-27a is retained in the cell by BiP
binding if no disulfide bond is
present [13]. EBI3 can form homo-
dimers (shown for human EBI3 in
this study). The inset highlights the
heterodimerization interface of
human IL-27 as defined in this
study.

Classes lll, IV and V
(M. musculus)
(U. maritimus)
(R. norvegicus)

of IL-27a (Fig. 3a and Supplementary Fig. S3).
Moreover, EBI3 from polar bear and rat were
retained in cells in isolation and only secreted into
the medium upon co-expression of their secretion-
competent a subunits (Fig. 3b and Supplementary
Fig. S3). Our data thus suggest that combination of a
secretion-competent with a secretion-incompetent
subunit is a common construction principle of IL-27.
In the light of this finding, we wondered if only IL-27
subunits that co-evolved with assembly-dependent
partner subunits were able to induce their secretion.
To test this idea, we co-expressed human IL-27a
with EBI3 from five different species and analyzed if
the subunits were retained in or secreted by the cells
(Fig. 3c). In complete agreement with this idea, hlL-
27a was well-secreted upon co-expression of
secretion-competent monkey and cow EBI3, but
was retained in the cell when co-expressed with
secretion-incompetent EBI3 from mouse and rat
(Fig. 3c). The only exception from this rule was EBI3
from polar bear, which induced hIL-27a secretion
comparable to secretion-competent EBI3 species.
This pointed towards the interesting possibility that
two secretion-incompetent subunits could in princi-
ple pair to become secreted together. To further test
this, we examined if mEBI3 could induce secretion of
the previously described mutant mIL-27a¢'%8- This
mutant is rendered secretion-incompetent in isola-
tion by replacing Cys158 by Leu, removing its
disulfide bond [13]. Indeed, co-expression with
mEBI3 led to secretion of both subunits, mEBI3
and mIL-27a°"®8 (Fig. 3d), constituting another
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example of two secretion-incompetent subunits that
can become secreted together. This finding further-
more underscores that mIL-27a°'%8" together with
MEBI3 recapitulates the behavior of the human
system in regard to IL-27a, which qualifies it as a tool
to further analyze the IL-27a and IL-27 biology in
mouse models.

Lastly, we were wondering in which assembly
state EBI3 would be secreted. This is of relevance,
since generally two receptor chains are needed to
initiate signaling by IL-12 family members [3].
Co-immunoprecipitation experiments of differentially
tagged human EBI3 revealed the formation of
homodimers in cells as well as in the medium
(Fig. 3e), showing that EBI3 can be secreted as a
homodimer. In this context it is noteworthy, that the
shared IL-12/IL-23 B subunit (IL-12B) can also be
secreted autonomously, including formation of a
homodimer, and performs immunoregulatory
functions [25,26].

Summary

In conclusion, our study reveals that disulfide bond
formation is an evolutionary conserved determinant
of IL-27a secretion and its potential role as a
cytokine (Fig. 4). Furthermore, by an in-depth
mutational and computational analysis, we were
able to provide detailed insights into the molecular
architecture of the IL-27 interface, which will also
help in future engineering approaches. And lastly,
our study reveals a hitherto unappreciated but
intriguing setup of the IL-27 system, where one
secretion-competent subunit pairs with one, that
needs to assemble in order to be secreted. Our data
show that this is not rooted in the biophysics of IL-27
subunit assembly, since we also could generate
pairs of two assembly-incompetent subunits that
mutually promoted their secretion. This suggests
that the combinatorial principle realized for IL-27 has
evolved for a functional benefit rather than due to
structural requirements, e.g. to maintain a functional
and balanced immune system. Using different
protein assembly states with distinct functionalities
appears to be a common design principle in immune
systems to extend the signaling repertoire of
cytokines and maintain immune homeostasis
[12,13,25,27-29].

Materials and methods

Constructs for mammalian expression

For mammalian expression, all interleukin cDNAs
were cloned into the pSVL vector (Amersham BioSci-
ences). Human interleukin cDNAs (hIL-27a and hEBI3)
were obtained from OriGene and amino acid se-

quences correspond to the UniProt accession numbers
Q8NEV9 and Q14213, respectively. For a species
comparison of IL-27a, sequences corresponding to
GenBank identifiers NP_001158125.1 (Bos taurus),
EHH31550.1 (Macaca mulatta), NP_663611.1 (Mus
musculus), XP_344963.5 (Rattus norvegicus),
XP_012398754.1 (Sarcophilus harrisii) and
XP_008683452.1 (Ursus maritimus) were synthesized
by GeneArt (Thermo Fisher Scientific) with optimized
codon-usage for human expression. A (GS),-linker
followed by a V5-tag was introduced at the C-terminus
of the different IL-27a constructs. For a species
comparison of EBI3, sequences corresponding to
GenBank identifiers AAI49503.1 (Bos taurus),
XP_014977995.1 (Macaca mulatta),
NP_001102891.1 (Rattus norvegicus) and
XP_008709480.1 (Ursus maritimus) were synthesized
by GeneArt with optimized codon-usage for human
expression (Thermo Fisher Scientific). Mouse EBI3
cDNA, according to GenBank identifier NM_015766.2
(Mus musculus), was obtained from OriGene. Where
indicated, EBI3 genes were C-terminally tagged with a
(GS)4-linker followed by a FLAG- or an HA-tag. Mutants
were generated by site-directed mutagenesis. All
constructs were sequenced.

Cell culture and transient transfections

Human embryonic kidney (HEK) 293 T cells were
cultured in Dulbecco's modified Eagle's medium
(DMEM) containing L-Ala-L-GIn (AQmedia, Sigma-
Aldrich) supplemented with 10% (v/v) fetal bovine
serum (FBS; Biochrom or Gibco, Thermo Fisher
Scientific) at 37 °C and 5% CO,. The medium was
complemented with a 1% (v/v) antibiotic-antimycotic
solution (25 pg/ml amphotericin B, 10 mg/mi
streptomycin and 10,000 units of penicillin; Sigma-
Aldrich) (complete DMEM). Transient transfections
were carried out in in either poly D-lysine coated
p35 or p60 dishes (BioCoat, Corning) or p60
dishes (Corning BioCoat) using GeneCellin
(BioCellChallenge) according to the manufacturer's
instructions. Equal amounts of constructs or empty
vector were transfected with a total DNA amount of

2 g (p35) or 4 g (p60).
Secretion and redox experiments

For secretion and redox-status experiments by
immunoblotting, cells were transfected for 8 h, washed
twice with phosphate buffered saline (PBS; Sigma-
Aldrich) and then supplemented with fresh medium for
another 16 h. To analyze secreted proteins, the
medium was centrifuged for 5 min, 300 g, 4 °C.
Subsequently, the supernatant was transferred into a
new reaction tube and supplemented with 0.1 volumes
of 500 mM Tris/HCI, pH 7.5, 1.5 M NaCl, complemen-
ted with 10x Roche complete Protease Inhibitor w/o
EDTA (Roche Diagnostics). Prior to lysis, cells were
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washed twice in ice-cold PBS. Cell lysis was carried
out in RIPA buffer (50 mM Tris/HCI, pH 7.5, 150 mM
NaCl, 1.0% Nonidet P40 substitute, 0.5% sodium
deoxycholate, 0.1% SDS, 1x Roche complete
Protease Inhibitor w/o EDTA; Roche Diagnostics) on
ice. Both lysate and medium samples were centrifuged
for 15 min, 20,000 g, 4 °C. N-glycosylated IL-27a from
B. taurus, S. harrissii, M. musculus and R. norvegicus
were deglycosylated with PNGase F (SERVA)
under non-reducing conditions according to the
manufacturer's instructions prior to running redox
gels to improve visibility of disulfide-induced down-
shifts of proteins on SDS-polyacrylamide gel electro-
phoresis (PAGE) gels. Endo H (New England Biolabs)
deglycosylation experiments were carried out accord-
ing to the protocol of the manufacturer. Samples were
supplemented with 0.2 volumes of 5x Laemmli buffer
(0.3125 M Tris/HCI pH 6.8, 10% SDS, 50% glycerol,
bromphenol blue) containing either 10% (v/v)
-mercaptoethanol (B-Me) for reducing SDS-PAGE
or 100 mM N-Ethylmaleimide (NEM) for non-reducing
SDS-PAGE.

Immunoprecipitation experiments

For co-immunoprecipitation (co-IP) experiments of
FLAG-tagged proteins, cells were washed twice with
ice-cold PBS. Cell lysis was carried out in Triton buffer
(50 mM Tris/HCI, pH 7.5, 150 mM NaCl, 1 mM EDTA,
1% Triton X-100, 1x Roche complete Protease Inhibitor
w/o EDTA; Roche Diagnostics) on ice. Lysates were
cleared by centrifugation at 20,000 g, 15 min, 4 °C.
ANTI-FLAG M2 Affinity Gel (Sigma-Aldrich, A2220)
was used for immunoprecipitation according to the
manufacturer's protocol using Triton buffer for washes.
Proteins were eluted by adding 2x Laemmli buffer
(supplemented with 4% (v/v) B-Me) and boiling at 95 °C
for 5 min. For immunoprecipitations of secreted pro-
teins, the medium was treated as described for the
analysis of secreted protein and subsequently treated
like the lysate, using ANTI-FLAG M2 Affinity Gel.

Immunoblotting

For immunoblots, samples were run on 12% SDS-
PAGE gels or 8-16% gradient gels (Bio-Rad, for redox
experiments of IL-27a M. musculus and R. norvegicus)
and transferred to polyvinylidene difluoride (PVDF)
membranes by blotting overnight (o/n) at 30 V and
4 °C. Thereafter, membranes were blocked for at least
3 h with Tris-buffered saline (TBS) containing skim milk
powder and Tween-20 (M-TBST; 25 mM Tris/HCI,
pH 7.5, 150 mM NaCl, 5% w/v skim milk powder,
0.05% v/v Tween-20) or gelatin buffer (0.1% gelatin,
15 mM Tris/HCI, pH 7.5, 130 mM NaCl, 1 mM EDTA,
0.1% Triton X-100, 0.002% NaNs) for Hsc70 immuno-
blots. Binding of the primary antibody was carried out
o/n at 4 °C with anti-Hsc70 (Santa Cruz, sc-7298,
1:1000) in gelatin buffer, anti-V5 (Abcam, ab27671,

1:1000), anti-FLAG (Sigma-Aldrich, F7425, 1:1000)
and anti-HA (BioLegend, 902,302, 1:1000) antibodies
in M-TBST. Anti-EBI3 (1:20 in PBS) antiserum has
been described previously [14]. Species-specific
HRP-conjugated secondary antibodies (Santa Cruz
Biotechnology; 1:10,000 in M-TBST) were used.
Immunoblots were detected using Amersham ECL
prime (GE Healthcare) and a Fusion Pulse 6 imager
(Vilber Lourmat).

Sequence analysis, homology modeling and
structural analyses

Multiple DNA sequence alignments were performed
using Clustal Omega [30] and depicted with BoxShade
server (EMBnet). Homology models of isolated IL-27a
subunits were generated using iTasser [38]. For
generating starting structures for protein—protein dock-
ing we followed the homology modeling procedure of
Rousseau et al. [16]. It is based on a structure-based
alignment of IL-27a and hEBI3 sequences to the IL-6
family of cytokines. Structural models of hiL-27a and
hEBI3 were generated using the program Modeller [31]
and are based on the alignment with known ciliary
neurotrophic factor (CNTF) cytokine (pdb: 1cnt) and IL-
6 (pdb: 1p9m) structures. For structure modeling the
alignments as published by Rousseau et al. [16] were
used. Generated models were energy minimized (5000
steps) using the Amber18 package [32]) to remove any
residual sterical overlap. Docking searches were
performed using the protein—protein docking program
ATTRACT [33,34]. In ATTRACT, partner proteins are
represented by a reduced protein model with four
centers per residue [35] to allow rapid energy
minimization of docked complexes. The initial search
was restricted to starting placements in the vicinity of ~
20 A from the Trp97 residue on the hiL-27a side and to
~20 A from Phe97, Asp210 on the hEBI3 partner
protein. Substitution of any of these three residues was
found experimentally to disrupt hiL-27a secretion
induced by hEBI3. Hence, it is reasonable to assume
that these residues are located at the protein—protein
interface. Initial docking geometries were energy
minimized and favorable docking solutions were
screened for geometries with residues hiL-27a Trp97
and hEBI3 Phe97, Asp210 located at the interface and
residues substitutions not affecting binding outside of
the interface. The most favorable binding geometry
was refined at atomic resolution after superimposing
the atomistic model structures onto the docked model
complex. Refinement was performed by energy
minimization (5000 steps) followed by atomistic MD
simulation (5 ns using the Amber18 package [32]) and
first using an implicit (generalized Born) solvation
model [36] for 5 ns at 300 K. A center of mass distance
restraint between protein partners was included to
avoid dissociation during the refinement step because
of possible sterical overlap in the starting structure. For
further relaxation of sterical strain the structure was
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solvated in explicit TIP3P water [37] and equilibrated for
another 10 ns at 300 K at constant pressure (1 bar)
after heating up the system over a time frame of 1 ns.
The resulting structure fulfilled the experimental re-
straints such that all residues critical for binding are at
the interface and those substitution positions that were
found experimentally not to affect binding are all located
>6 A (mostly >10 A) from the binding interface. An
exception is Arg219 in hiL-27a that is located at the rim
of the protein—protein interface (Fig. 2b). However, the
side chain of Arg219 is not forming specific (e.g. salt
bridge) contacts to the hEBI3 partner. In the final model
hIL-27a Trp97 is in contact with several aromatic and
non-polar interface residues of hEBI3 (including hEBI3
Phe97). The Asp210 in hEBI3 forms a salt bridge with
Arg216 of hlL-27a. Visualization and structural align-
ments and further structural analyses were performed
using Yasara Structure (www.yasara.org) and PyMOL
(PyMOL Molecular Graphics System, Version 2.0
Schrédinger, LLC).
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