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Background: Irisin, which corresponds to the FNDC5 receptor ectodomain, is a purported exercise-induced myokine
produced by cleavage.
Results: Irisin forms an extensive intersubunit �-sheet dimer with an FNIII-like fold.
Conclusion: Irisin forms a continuous �-sheet dimer not observed previously for any FNIII protein and may be representative
of a new FNIII class.
Significance: The preformed irisin dimer suggests mechanisms for ligand and receptor activation.

Irisin was recently identified as a putative myokine that is
induced by exercise. Studies suggest that it is produced by cleav-
age of the FNDC5 (fibronectin domain-containing protein 5)
receptor; irisin corresponds to the extracellular receptor ecto-
domain. Data suggesting that irisin stimulates white-to-brown
fat conversion have led to the hypothesis that it does so by bind-
ing an unknown receptor, thus functioning as a myokine. As
brown fat promotes energy dissipation, myokines that elicit the
transformation of white to brown fat have potentially profound
benefits in the treatment of obesity and metabolic disorders.
Understanding the molecular basis for such exercise-induced
phenomena is thus of considerable interest. Moreover, FNDC5-
like receptors are highly conserved and have been shown to be
critical for neuronal development. However, the structural and
molecular mechanisms utilized by these proteins are currently
unknown. Here, we describe the crystal structure and biochem-
ical characterization of the FNDC5 ectodomain, corresponding
to the irisin myokine. The 2.28 Å structure shows that irisin
consists of an N-terminal fibronectin III (FNIII)-like domain
attached to a flexible C-terminal tail. Strikingly, the FNIII-like
domain forms a continuous intersubunit �-sheet dimer, previ-
ously unobserved for any FNIII protein. Biochemical data con-
firm that irisin is a dimer and that dimerization is unaffected by
glycosylation. This finding suggests a possible mechanism for
receptor activation by the irisin domain as a preformedmyokine
dimer ligand or as a paracrine or autocrine dimerizationmodule
on FNDC5-like receptors.

More than 1000 genes are activated in skeletal muscle in
response to exercise and contribute to enhanced health (1–5).
Although the molecular mechanisms involved in this response
have been largely unknown, studies carried out in the last de-
cade showing that skeletal muscle functions as a secretory organ
have started to shed light on these processes. Indeed, skeletal
muscle represents �40% of the body weight of lean men and
women and hence constitutes a large reservoir for the produc-
tion of signaling molecules. Several hundred such molecules
that are secreted by skeletal muscle have recently been identi-
fied, prompting Pedersen et al. (6) to coin the term “myokine.”
Myokines are specifically defined as cytokines or other peptides
that are produced, expressed, and released bymuscle fibers and
that exert endocrine effects (6).
One beneficial outcome of exercise is the “browning” of

white adipose tissue (fat) to brown fat. Brown fat cells possess
large numbers of mitochondria that contain a protein called
UCP1 (uncoupling protein 1), which functions to dissipate the
proton-motive force normally used to drive ATP synthesis (7).
As a consequence of UCP1 action, the energy in the mitochon-
drial electrochemical gradient is released in the form of heat
rather than being stored as fat. Studies in rodents have unequiv-
ocally demonstrated that brown fat profoundly influences body
weight (8). In addition to a role in obesity reduction, high brown
fat levels have been associated with many positive health
effects, such as resistance to metabolic diseases (2). Hence, fac-
tors that may stimulate brown fat production have been highly
sought after. Recently, irisin was identified as a putative myo-
kine secreted by muscle in response to exercise (9).
Irisin, named for the Greek messenger goddess, was discov-

ered in a screen looking for factors secreted by muscle in
response to PGC-1� (peroxisome proliferator-activated recep-
tor-gamma coactivator-1�) activation (9). PGC-1� is known to
stimulate many of the well characterized beneficial effects of
exercise in muscle, including white-to-brown fat conversion
(10). Moreover, increasing PGC-1� expression improves met-
abolic parameters, such as insulin sensitivity and signaling (11).
Boström et al. (9) demonstrated that irisin is produced by pro-
teolytic processing of a transmembrane receptor, FNDC5
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(fibronectin domain-containing protein 5). FNDC5 is a 209-
residue protein with an N-terminal 29-residue signal sequence,
followed by the irisin or putative fibronectin III (FNIII)2 domain, a
linking peptide, a transmembranedomain, and a 39-residue cyto-
plasmic segment. Their data indicated that cleavage in the link-
ing peptide releases soluble irisin into the extracellular milieu
(9). FNDC5,which is expressed in skeletalmuscle, pericardium,
heart, and brain, was originally discovered as a receptor and
shown to be critical for the differentiation of myoblasts and
neurons (12–14).
The function of FNDC5 as a receptor has not been explored.

Indeed, since its discovery,multiple studies have focused on the
physiological role(s) of irisin or the FNDC5 ectodomain in
metabolism (15–20). Boström et al. (9) proposed that soluble
irisin signals by binding to an as yet unidentified receptor. Sub-
sequently, the potential for irisin as a chemotherapeutic in the
treatment of obesity and metabolic diseases has caused signifi-
cant excitement (3, 21). However, subsequent studies on irisin
have produced conflicting results (1, 22–25), not consistent
with those of Boström et al. Hence, more studies are clearly
needed to define the role(s) of irisin in metabolism. Moreover,
FNDC5 is completely conserved among vertebrates, yet
FNDC5-like receptors have not been well characterized cellu-
larly, and nothing is known about these receptors at the molec-
ular and biochemical levels. Thus, to gain insight into irisin and
FNDC5 structure and function, we performed biochemical
studies and determined the structure of irisin by x-ray crystal-
lography to 2.28 Å resolution. The structure reveals that irisin
contains a fold similar to FNIII proteins. However, quite unex-
pectedly and distinct from any previously solved FNIII struc-
ture, irisin forms a continuous intersubunit �-sheet dimer,
which has important implications for receptor activation and
signaling.

EXPERIMENTAL PROCEDURES

Purification and Crystallization of Irisin—An artificial gene
encoding irisin (residues 30–140) was codon-optimized for
Escherichia coli expression and was purchased from GenScript
Corp. (Piscataway, NJ). The gene encodes human irisin (irisin is
100% conserved frommouse to human) and results in the pro-
duction of themature processed protein, which lacks theN-ter-
minal signal sequence (9). The gene was subcloned into the
pET15b vector such that the N-terminal hexahistidine tag was
included in the protein for purification. The vector was trans-
formed into E. coli BL21(DE3) cells for expression, and the pro-
tein was purified in a single step by nickel-nitrilotriacetic acid
chromatography. The N-terminal His tag was removed by
thrombin using a thrombin capture cleavage kit (Sigma). The
proteinwas buffer-exchanged into 50mMTris (pH7.5), 300mM

NaCl, 5% glycerol, and 1 mM DTT for crystallization. Crystals
were grown via hanging drop vapor diffusion by mixing the
protein (at 50 mg/ml) 1:1 with a reservoir of 0.68 M citrate and
0.1 M cacodylate (pH 6.5). Crystals took 2 weeks to grow to
maximum size and were cryopreserved directly from the drop.

Structure Determination and Refinement of the Irisin
Structure—The irisin crystals are in space group P41212, with
a � b � 93.4 and c � 285.6 Å. Native data were originally
collected on in-house x-ray sources at 3.1 Å, and a thimerosal
heavy atom derivative was obtained at 3.3 Å for phasing using
MIRAS (multiple isomorphous replacement with anomalous
scattering). There are eight irisin subunits in the crystallo-
graphic asymmetric unit, and all subunits interact to form four
identical dimers. The experimental electron density map was
readily traced, and a final native data set was collected at 2.28 Å
on beamline 8.3.1 of theAdvanced Light Source for refinement.
All x-ray intensity data were processed with MOSFLM (see
Table 1). The final model includes residues 30–123 of six sub-
units, residues 30–127 and 30–128 of two subunits, and 320
solvent molecules. The final refinement statistics are provided
in Table 1.
Production and Purification of Glycosylated Irisin from

HEK293 Cells—To produce soluble glycosylated irisin, we
amplified irisin cDNA fragments by PCR using mouse Fndc5
cDNA (Addgene) as a template. The PCR-amplified fragments
were inserted into the pHLSec2 vector. When expressed in
mammalian cells, this construct generates protein with the
amino acid sequence egsADSPSAPVNVTVRHLKANSAVVS-
WDVLEDEVVIGFAISQQKKDVRMLRFIQEVNTTTRSCAL-
WDLEEDTEYIVHVQAISIQGQSPASEPVLFKTPREAEKMA-
SKNKDEVTMKEefhhhhhhhh (where the lowercase letters
indicate sequence derived from the vector).
For expression, we followed a transient expression method

using HEK293 cells and serum-free culture medium adapted
from recombinant fibronectin expression (26). The condi-
tioned medium was collected after 6–7 days of transfection.
Secreted proteinwas purifiedwith a cobalt columnusing stand-
ard procedures. That irisin is modified via N-linked glycosyla-
tion was verified by a molecular weight shift upon SDS-PAGE
after peptide N-glycosidase F treatment (which specifically
removes N-linked glycans).
IrisinMutagenesis—Irisin R75E and I77Wmutations were cre-

ated using the Stratagene site-directed mutagenesis protocol.
Primers containing the desired mutations were used to PCR
amplify the DNA. The amplified DNA was incubated with DpnI,
which digests the methylated parental DNA strands. The DNA
was then transformed into DH5� cells and plated onto Luria
broth-agar plates. Plasmids were transformed into BL21(DE3)
cells, and the mutations were confirmed by sequencing. The
resulting transformed cells were used for protein expression and
purification as described for the wild-type protein.
Gel Filtration Analyses of Irisin and Glycosylated Irisin—Gel

filtration was used to determine the molecular weights of the
irisin proteins (non-glycosylated, mutant non-glycosylated,
and glycosylated). All gel filtration experiments were per-
formed using a HiLoad 16/600 Superdex 200 prep grade col-
umn. Experiments were performed in a buffer containing 300
mM NaCl, 5% glycerol, and 20 mM Tris HCl (pH 7.5).

RESULTS AND DISCUSSION

Overall Structure of Irisin—For structural studies, irisin was
expressed in E. coli as the mature myokine (residues 30–140),
which lacks the N-terminal 29-residue signal sequence, and2 The abbreviation used is: FNIII, fibronectin III.
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purified to homogeneity (see “Experimental Procedures”). The
protein was crystallized, and the structure was solved and
refined toRwork/Rfree� 22.7/24.5% and to 2.28Å resolution (see
“Experimental Procedures” and Table 1). The structure con-
tains an N-terminal domain (residues 30–123) with homology
to FNIII domains and amostly disordered C-terminal tail com-
posed of residues 124–140 (Fig. 1, A and B). The FNIII domain
is one of the most commonly occurring protein domains and is
typically used as a building block for modular proteins. For
example, several FNIII modules are linked in tandem to form
extracellular matrix proteins, such as fibronectin and tenascin,
and FNIII domains are found in the ectodomains of many
receptors (27). FNIII domains typically share only 15–20%
sequence identity; however, despite this limited homology,
their structures have surprisingly similar folds, composed of a
�-sandwich with three �-strands on one side and four on the
other. Database searches show that irisin has the strongest
structural similarity to the third FNIII domain of tenascin
(termed TNfnIII3) and the 10th FNIII module of fibronectin
(termed FNfnIII10). Superimposition of 86 and 85 related C�
atoms of irisin onto those of fnIII10 and TNfnIII3 results in root
mean square deviations of 1.49 and 1.46 Å, respectively (28–29).
These structural similarities are limited to the �-strand regions of
theproteins,with the loopregions showing little structuralhomol-
ogy. Irisin contains the typical FNIII arrangement with a four-
stranded �-sheet that packs tightly against a three-stranded
�-sheet, with the following structural topology (according to
FNIII nomenclature):�A(35–43)-�B(46–52)-�C(60–69)-�C�(73-
81)-�E(85–91)-�F(95–106)-�G(108–116) (Fig. 1A).
Irisin Forms a Continuous Eight-stranded �-Sheet Dimer—

An unexpected and remarkable finding from the irisin struc-
ture is that, unlike any previously characterized FNIII domain,
it forms a tight dimer in which the C� strands of the four-
stranded �-sheets combine to create a continuous antiparallel
eight-stranded �-sheet (Fig. 1C). Most FNIII domains are
linked in tandem with other FNIII repeats or other modular

domains to create beads on a string-like structures. Although
somewhat flexible, the linkages between FNIII repeats (from
the G strand to the A strand), such as those found in fibronec-
tin, could hinder the formation of the intimate intersubunit
�-sheet dimer observed in irisin. In fact, despite the fact that
hundreds of FNIII domains have been structurally character-
ized, only the alternatively spliced variant of oncofetal fibronec-
tin, in which an extra FNIII domain is inserted between fnIII7
and fnIII8, has been shown to dimerize via its FNIII domains
(30). However, the resultant oncofetal fibronectin dimers form
in an extended head-to-tail fashion, in which interchain con-
tacts are formed by side chains in loops or strands between
subunits and not via intimate backbone H-bonding interac-
tions. This dimerization mode buries only 400–500 Å2 of two
FNIII subunit modules and is completely different from that
observed for irisin. Indeed, to our knowledge, the structure of
irisin reveals the first case of a continuous �-sheet dimer

TABLE 1
Data collection and refinement statistics for irisin

Irisin

Data collection
Space group P41212
Cell dimensions
a, b, c (Å) 93.40, 93.40, 285.60
�, �, � 90.0°, 90.0°, 90.0°

Resolution (Å) 142.5-2.28
Rsym or Rmerge 6.7 (44.3)a
I/�I 11.2 (2.1)
Completeness (%) 92.4 (88.8)
Redundancy 4.2 (4.0)

Refinement
Resolution (Å) 142.5-2.28
No. of reflections 57,048
Rwork/Rfree (%) 22.7/24.5
No. of atoms
Protein 5968
Water 350

B-Factors
Protein 52.3
Water 52.5

r.m.s.d.b
Bond lengths (Å) 0.006
Bond angles (°) 1.16

a Values in parentheses are for the highest resolution shell.
b r.m.s.d., root mean square deviation.

FIGURE 1. Crystal structure of irisin. A, irisin is a proteolytic product of
FNDC5. The domain organization of the FNDC5 receptor is shown (upper). It
contains an N-terminal signal sequence, which provides proper membrane
insertion of the receptor and is subsequently cleaved. This is followed by
the irisin domain, which contains an N-terminal FNIII-like region and a flexible
C-terminal tail. The irisin domain is connected to a short transmembrane
region, which is followed by the cytosolic region. The irisin domain is puta-
tively produced following proteolytic cleavage of mature FNDC5 (with the
signal sequence removed) (9). The FNDC5 schematic is the irisin subunit
structure, showing only the FNIII domain and a topology diagram (lower).
B, superimpositions of eight subunits in the crystallographic asymmetric unit
showing the regions of flexibility that are found on the same face and that
may be candidates for protein-protein interaction sites. Also indicated are the
FNIII domain and the C-terminal tail, which is observed in two subunits. C,
structure of the irisin dimer. Figs. 1 (B and C), 2A, 3 (A and B), and 4A were made
using PyMOL (35).
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formed between two FNIII domains. This resulting dimeriza-
tion interface is extensive, burying 1400 Å2 of the two subunits.
The continuous �-sheet interactions form the core of the irisin
dimer and contribute 10 backbone H-bonds between the two
interacting four-stranded �-sheets. This type of intersubunit
H-bonding between backbone atoms of separate subunits has
been implicated previously in the protein stability for other pro-
tein oligomers. An example is the thermostability imparted by
two intersubunit �-sheets in the Pyrobaculum aerophilum
Nudix hydrolase dimer (31).
Although the intersubunit H-bonds between the four-

stranded �-sheets form the foundation of the irisin dimer,
interactions between side chains on neighboring subunits pro-
vide further stability. Specifically, two salt bridges between
Arg-75 and Glu-79� (where the prime indicates the other sub-
unit in the dimer) secure the ends of the dimer (Fig. 2A). Fur-
ther fastening the dimer together are contacts between the
three-stranded �-sheets found in each subunit, which are
locked together by a Trp-90/Trp-90� “tryptophan zipper”-like
interaction. Tryptophan zipper interactions have been shown
to greatly stabilize �-strand interactions in short peptides (32).
The presence of the small side chains of Ala-88/Ala-88� are
essential in permitting the tight stacking of the Trp-90/Trp-90�
side chains in irisin. Thus, the irisin FNIII structure displays
multiple structural attributes that favor dimerization andhence
may define a new dimeric class of FNIII proteins. Indeed, our
analyses show that the C� �-strands of FNIII proteins charac-
terized so far, such as TNfnIII3 and fnIII10, have twists,
bulges, and prolines, which are design features that prevent
extension of the �-sheet (Fig. 3, A and B) (33). Hence, the
FNIII domains characterized to date appear to have selected
for structural characteristics that prevent dimerization,
whereas irisin has done the opposite, acquiring features that
are optimal for dimerization.
Biochemical Data Support Dimerization of Non-glycosylated

and Glycosylated Irisin—Our structural data provide strong
support that irisin is a dimer. In fact, the crystal structure con-
tains eight independent subunits in the crystallographic asym-
metric unit, all of which combine to form the same dimer. Irisin
has two asparagines contained within NXTmotifs that are gly-
cosylated inmammalian cells (see “Experimental Procedures”).
The structure shows that these glycosylation sites are surface-
exposed and are on regions not likely to affect dimerization (Fig.
2A). However, to assess the oligomeric states of glycosylated
and non-glycosylated irisin, we performed size exclusion chro-
matography experiments.We first produced glycosylated irisin
in HEK293 cells (see “Experimental Procedures”). N-Linked
glycosylation was verified by a molecular weight shift upon
SDS-PAGE following peptideN-glycosidase F treatment,which
specifically removesN-linked glycans. The purified non-glyco-
sylated and glycosylated irisin proteins were applied to a gel
filtration column to assess their molecular weights. The exper-
iments clearly demonstrated that both forms of the protein are
dimers (Fig. 2B).
Mutagenesis Data Support the Irisin Dimer—The structural

and biochemical data support that irisin is dimeric. However, to
directly assess if the dimer observed in the structure is that
found in solution, we performed mutagenesis studies, followed

by gel filtration analyses. Twomutants were constructed, R75E
and I77W. The structure predicts that an R75E mutation
should impair dimer formation because Arg-75 forms the only
salt bridge in the dimer: between Arg-75 and Glu-79 (Fig. 2A).
An R75E mutation would not only eliminate the favorable salt
bridge but also introduce a clash between the now two proxi-
mally located negatively charged residues. Ile-77 is in a key posi-
tion of the dimer (Fig. 2A), as it sits in the center of the dimer,
forming the nexus of the hydrophobic dimer core. Modeling
showed that substitution of Ile-77 with tryptophan would be
particularly problematic for dimer formation, as the large size
of the tryptophan side chain cannot be accommodated within
the dimer core, even with side chain rotations, and would also
impinge on the Arg-75–Glu-79 salt bridge, forcing the residues
to move away from the unfavorable steric clash and preventing

FIGURE 2. Irisin dimer contacts and mutagenesis experiments. A, ribbon
diagram showing key cross-strand-specific salt bridges that fasten the ends of
the irisin intersubunit �-sheet dimer and the location of Ile-77, which is posi-
tioned in the center of the dimer interface and was selected as a site for
mutagenesis to disrupt the dimer. Also shown are the locations of the aspar-
agine residues (magenta). Asterisks denote the two asparagines contained
within NXT motifs and modified by glycosylation. The locations of these res-
idues are notably surface-exposed and in positions in which modification
would not be predicted to hinder dimerization. The magnified images are of
the locations (modeling) where mutations were made to disrupt the dimer
(R75E and I77W). The R75E mutation resulted in a clash with the cross-strand
Glu-79, whereas the I77W mutation was predicted to prevent the formation
of the hydrophobic interface in the dimer as well as disrupt the Arg-75–Glu-79
salt bridge due to its large size. B, size exclusion chromatography experiments
showed that bacterially expressed (non-glycosylated) and glycosylated irisin
proteins are dimers, whereas the R75E mutation is monomeric. The I77W
mutant was unstable and could not be produced in soluble form. The y axis is
the elution volume normalized for column volume, and the x axis is the log of
the molecular weight (MW).
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FIGURE 3. Superimposition of irisin (red) with the third FNIII domain of tenascin (TNfnIII3, cyan) and the 10th FNIII domain of fibronectin (fnIII10,
yellow). A, overlay of TNfnIII3 onto irisin showing the highly twisted nature of the C� strand of TNfnIII3 at the dimer interface, making dimer formation by this
domain impossible. B, overlay of fnIII10 onto irisin highlighting that not only does fnIII10 have a highly twisted and bulged structure but that it also contains
two prolines that prevent optimal dimeric �-sheet H-bonding potential.

FIGURE 4. Speculative models for irisin signaling. A, location of the flexible loop regions in the irisin dimer. Left, the irisin dimer, with the N terminus colored
salmon, the flexible region of residues 55–58 colored red, and the flexible loop at residues 106 –108 colored magenta. Right, electrostatic surface representation
of the irisin dimer (blue and red indicate electropositive and electronegative regions, respectively) (upper) and the dimer rotated by 90° showing the hydro-
phobic face (white) of the loop-containing regions (lower). B, model for irisin functioning as a myokine cleaved from FNDC5. This model shows how a preformed
irisin dimer acting as a myokine could facilitate dimerization and activation of an as yet unidentified receptor, leading to signaling events that stimulate
white-to-brown fat conversion. C, model for FNDC5 receptor function. Shown are possible modes of signaling and cell adhesion processes affected by
dimerization of the extracellular irisin domain of the FNDC5 receptor. Left, scenario in which FNDC5 molecules exist in the same cell. Here, irisin domains may
aid in dimerization of the receptors, leading to signaling events, or a dimerized receptor may subsequently bind a ligand that would induce structural changes
within the dimer, leading to downstream signaling. Right, FNDC5 molecules on proximally located cells could dimerize either to initiate signaling programs or
to facilitate cell adhesion processes.
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their optimal placement for electrostatic contacts with each
other (Fig. 2A). As predicted by the structure, the R75E muta-
tion led to the production of monomeric protein. Indeed,
although the mutant did not express as well as the wild-type
protein, the protein was in the monomeric form (Fig. 2B). As
the structure predicts, the I77W mutation was particularly
harmful, and we could not obtain enough soluble pure protein
for biochemical studies. Thus, the structural, mutagenesis, and
biochemical data all support that irisin is a dimer.
Although the irisin protomers that comprise the crystallo-

graphic asymmetric unit all form dimers with essentially iden-
tical structures, superimposition of the eight subunits results in
root mean square deviations of 0.24–1.2 Å. The �-strand
regions are essentially identical in all of the subunits, and the
slightly elevated root mean square deviations result from flexi-
bility in two loop regions composed of residues 55–58 and106–
108, which adopt altered structures depending on the crystal-
packing environment (Fig. 1B). Interestingly, the flexible loops
(residues 55–58 and 106–108) and the protein N terminus lie
on a hydrophobic face of the dimer, suggesting these regions as
possible candidates for interactionswith other proteins, such as
a putative receptor (Fig. 4A). In fact, loop 106–108 in irisin
corresponds to the RGD loop in FNfnIII10 that contacts its
integrin receptor.
Irisin Is a Preformed Dimer and Models for Myokine and

Receptor Activation—The finding that irisin exists as a pre-
formed dimer has important implications for its function as a
highly conserved ectodomain of FNDC5-like receptors as well
as a putative myokine ligand. Most well known cases of ligand-
mediated receptor signaling involve either ligand- or receptor-
mediated dimerization (34). Two general classes of receptor-
activated dimerization involve binding of a single ligand that
stimulates dimerization of two receptors or binding of two
monomeric ligands that facilitate dimer interactions between
monomeric receptors. The structure of irisin suggests a mech-
anism for myokine ligand signaling via binding of a preformed
dimer (Fig. 4B). Critically, this tight dimerization would be pre-
dicted to take place in the context of the full-length FNDC5
receptor, as the irisin domain is flexibly attached to the mem-
brane-spanning domain. Hence, dimerization of the FNDC5
ectodomainmay form intracellular or even intercellular dimers
at the cell surface, leading to autocrine or paracrine signaling
(Fig. 4C). In addition to signaling, FNDC5 dimerization
between two cells could function in a cell-cell adhesion mode
(Fig. 4C). In conclusion, our findings reveal a heretofore unseen
FNIII intersubunit �-sheet dimer formed by the ectodomain of
a novel receptor and putative myokine and should stimulate
future studies aimed at understanding the signaling networks
involving these receptor proteins.
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