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Summary

Exercise benefits the human body in many ways. Irisin is secreted by muscle, increased

with exercise, and conveys physiological benefits, including improved cognition and resistance
to neurodegeneration. Irisin acts via aV integrins; however, a mechanistic understanding of

how small polypeptides like irisin can signal through integrins is poorly understood. Using

mass spectrometry and cryo-EM, we demonstrate that the extracellular heat-shock protein 90a
(eHsp90a.) is secreted by muscle with exercise and activates integrin aVVp5. This allows for high-
affinity irisin binding and signaling through an Hsp90a/aVV/B5 complex. By including hydrogen/
deuterium exchange data, we generate and experimentally validate a 2.98 A RMSD irisin/aVp5
complex docking model. Irisin binds very tightly to an alternative interface on a V5 distinct from
that used by known ligands. These data elucidate a non-canonical mechanism by which a small
polypeptide hormone like irisin can function through an integrin receptor.

Keywords
Irisin; exercise; integrin; conformational states; extracellular Hsp90; integrin activation;
fibronectin 111 domain; ligand binding; RGD motif; integrin signaling; HDX-MS; protein-protein
docking

Introduction

Exercise benefits the body in many ways?. Our lab initially identified the protein PGCla
as a transcriptional coregulator of PPAR-y and other nuclear receptors, which regulates
mitochondrial biogenesis and adipose thermogenesis?=. PGC1la is induced in the skeletal
muscle of humans and rodents with exercise and it stimulates many important adaptations
of muscle to exercise5-19, Muscle-selective PGCla transgenic mice were then used as a
platform for the discovery of muscle-secreted proteins regulated by PGCla and exercise.
These studies identified irisin, a cleaved and secreted product from a type-1 membrane
protein FNDCS5 (fibronectin-domain I11 (FNIIT) containing 5), whose mRNA is increased
upon forced PGC1la expression and exercisell.

The amino acid sequence of irisin is 100% conserved between mouse and human. Irisin

is a heavily glycosylated 12 kDa (112 aa) polypeptide structurally homologous to FNIII
domain!112, Measurement of the plasma levels of irisin using absolute quantification by
tandem mass spectrometry reveals that irisin circulates at typical levels for polypeptide
hormones (3-5 ng/ml range). Exercise elevates irisin circulating concentrations in both
humans and mice3-15, Irisin mediates multiple metabolic effects including improving
brain functions and resistance to neurodegeneration®:17. In bone, fat and hippocampus,
irisin appears to function primarily via aV integrin receptors, particularly a V5. Since
interactions between integrins and their typical large ligands, such as ECM proteins, are
usually rather complex, how a small protein like irisin can interact with and function through
an integrin receptor is not clear. Additionally, irisin has certain bioactivities, such as effects
on cognition, not often associated with integrins.
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Integrins are heterodimeric membrane receptors composed of noncovalently associated a
and B subunits that bind extracellular matrix proteins, such as fibronectin, or counter
receptors, such as I-CAM. In doing so, they mediate cell-matrix or cell-cell adhesion,
respectivelyl8. 18 a and 8 B subunits have been identified in vertebrates and these assemble
into at least 24 known integrin heterodimers. These have different ligand specificities and
signaling properties'819, Integrins are composed of a large ectodomain responsible for
extracellular ligand binding, a single-pass transmembrane domain and a short cytoplasmic
tail2C. Integrins populate an ensemble of at least three conformational states with different
affinities for their ligands: low affinity-closed state, extended closed state, and a high-affinity
open state?l.

On the surface of a resting cell, the energy landscape favors the closed state (>99%) and
maintains only a very small fraction (~0.1%) of the integrins in the open confirmation22-

25 Therefore, integrins need to be activated/opened for high-affinity extracellular ligand
binding. The mechanism of integrin activation is complex, and the prevailing view highlights
the reciprocal activation induced by both extracellular ligands that target the ectodomain
head and intracellular ligands which targets the cytoplasmic tail1826, Many well-studied
integrin ligands like fibronectin exist at high concentrations in extracellular milieu (hundreds
of microgram per ml in comparison to irisin that is at low nanogram per ml), and have
relatively low affinities for their activated integrin receptors compared to other extracellular
ligands. Although stimulatory/activating antibodies that target the ectodomain have been
identified, endogenous extracellular factors that specifically mediate integrin activation, have
not, to our knowledge, been discovered?’. Importantly, the conformation and ligand-binding
affinity of integrin can be affected by metal ions which bind integrin at the metal-ion
dependent adhesion site (MIDAS)28-30. Of note, Mn?*, through a rather unclear mechanism,
largely shifts integrins to their open states and significantly improves ligand binding
affinities of integrins in all conformational states3C.

aV integrins are one of the integrin families that lack the inserted al domain and recognize
the RGD motif — a conserved recognition sequence shared by many integrin ligands3Z.

For most FNI1I domain-containing integrin ligands, the RGD motif typically resides in a
flexible loop that forms a small interface with both a and B integrin subunit heads at the
RGD-binding site?9:32, However, irisin is composed of a single FNI11 domain without an
RGD motif.

We have now identified an extracellular component for the interaction of irisin with

its integrin receptor. Extracellular Hsp90a (eHsp90a) is an exercise-induced factor that
mediates integrin activation via direct binding to the ectodomain of a V5. The a V5
receptor, activated by eHsp90a, has a very high affinity (KA of ~30 nM) for irisin.
Through biophysical and biochemical experiments, refined by multiple steps of MD
simulations, we were able to generate and refine a docking model with 2.98 A RMSD of
the irisin/a V5 complex. This structure has important implications for integrin-small ligand
dynamics, and how irisin mediates its physiological effects.
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eHsp90a is required for irisin binding to integrin aVp5

To biochemically and biophysically characterize the interaction between irisin and integrin
a V5, we expressed the ectodomain of this integrin and adapted the previously developed
constructs for producing recombinant a V5 ectodomain. This integrin heterodimer was
prepared as a C-terminally clasped, affinity tagged fusion protein from mammalian HEK293
cells (Figure 1A)33. The affinity-purified clasped aVB5 was subsequently subjected to
HRV3C protease cleavage, to generate the unclasped and untagged form (Figure 1A).

Both subunits of the recombinant a5 ectodomain are glycosylated with heterogeneous
glycans, which can be removed by glycosidase treatment (Figures S1A and 1F). Wild-type,
glycosylated recombinant irisin (His tagged or untagged) was produced from mammalian
HEK?293 cells as previously described (see Figure S1A and!4).

Next, Bio-Layer Interferometry (BLI) was used to analyze the binding of irisin to a V5,
and yielded an apparent dissociation constant (K,#”P) of 212 nM + 53 nM (Figure 1B).

To improve the purity of the recombinant a V5 ectodomain for structural analysis, we
applied additional chromatographic steps and separated a “contaminating” protein which
had a similar molecular mass (~90kDa) to the 5 subunit (Figure 1C). Notably, the binding
affinity of irisin for this more highly purified a V5 was almost eliminated (Figure 1D). Of
course, this result may be explained if one (or more) proteins that initially co-purified with
the a V5 were necessary for high-affinity binding between irisin and aVVp5. Using mass
spectrometry, we identified a major protein associated with the initial a\VB5 preparations as
Hsp90a (Figures 1C and S1B).

To determine whether Hsp90a alone binds a5 directly, recombinant human Hsp90a
was purified from £.coliand was used in a biochemical pull-down experiment. Clasped

a V5 or control peptide containing only the tagged dimerization motifs was immobilized
and incubated with an equal molar concentration of Hsp90a. The Hsp90a. co-precipitated
with a V5, but not with the control peptide (Figure S1C). We then forced the maximal
stoichiometry of the aVB5/Hsp90a complex by adding 20-fold molar excess of Hsp90a.,
followed by extensive washing steps to remove the unbound Hsp90a. The aVB5 and its
bound Hsp90a were eluted off the beads by HRV3C protease cleavage. The reconstituted
aVB5/Hsp90a eluted as a stable high-mass particle by gel filtration chromatography,
compared to a V5 alone (Figure 1E). The peak fractions of aVB5/Hsp90a and a V5 alone
were deglycosylated, and quantification of the protein bands in the complex peak fraction
revealed an Hsp90a.:aV: 5 ratio of ~1:1:1 (Figure 1F).

These data suggest that Hsp90a. might facilitate the interaction between irisin and a V5. To
measure the binding affinity in solution, we used the polarization of fluorescently labeled
irisin (A488-irisin) to examine its binding to either a V@5 or the aVB5/Hsp90a complex.

In contrast to a V5 alone, which showed a very low affinity for irisin, the aV5/Hsp90a
complex binds irisin with much higher affinity (K#°P of 31 nM + 4 nM) (Figure 1G). To
determine whether the A488 label or the His tag (fused to irisin) contributed to the binding,
we used competition assays in which fixed concentrations of A488-irisin and aVVp5/Hsp90a
were mixed with varying concentrations of unlabeled His-tagged irisin (irisin-His), or
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unlabeled and untagged irisin. Irisin-His and untagged irisin showed similar affinity for
the aVB5/Hsp90a complex, with K AP of 52 nM and 50 nM, respectively (Figure 1H).
Taken together, Hsp90a was identified as an extracellular factor from cultured mammalian
cells that mediates irisin/a V5 interaction by associating directly with a V5.

eHsp90a level is increased with exercise in muscle interstitial fluid and in plasma

Hsp90a does not contain an N-terminal signal sequence, and is released from cells through
an unconventional secretion mechanism34:35, eHsp90a. binds a number of cell surface
receptors, and modulates their downstream signaling pathways through as yet unidentified
mechanisms36-41, Since irisin levels increase with exercise3-1°, we evaluated eHsp90a
levels in response to a single, intense bout of exercise in mice. To harvest the interstitial
fluids (IF) of muscle, we adapted a technique that was used previously for analyzing
metabolites of the gastrocnemius muscle (Figure 2A and*245). We found that levels of
eHsp90a protein in the IF samples were elevated with exercise, while the total levels of
Hsp90a protein within muscle tissue remained unchanged (Figures 2B and C). Interestingly,
eHsp90a protein levels were also upregulated in plasma taken from mice that had rested
for different amounts of time post-exercise (Figure 2D). This is in contrast to another
extracellular heat shock chaperone protein, HspA14, whose levels remain constant before
and after exercise (Figure 2E).

To ensure that the elevation of eHsp90a. in IF is a specific, exercise-mediated regulatory
process, rather than a nonspecific release of cellular content from damaged cells, we
analyzed the acute exercise-induced muscle-specific extracellular proteome dataset*6 and
found that only 4 (one Hsp70 isoform and three Hsp90 isoforms) out of 22 identified
chaperone proteins, including Hsp90a (encoded by Hspaal), were significantly upregulated
(significant if FDR <0.05) in the IF of the exercised mice compared to the sedentary group
(Figure 2F).

eHsp90a. is required for optimal cellular actions of irisin

We then tested the role of Hsp90a in the binding of irisin to a V5 in live cells, along

with certain irisin-mediated cellular effects. Cultured HEK293T cells, with or without forced
expression of integrin aVV and B5 subunits, were used in gain-of-function experiments,

as previously described!4, and to assess irisin binding to the transfected cells using A488-
irisin. Cellular bioactivity of the fluorescently labeled irisin was validated by treating
HEK?293T cells transfected with control plasmid or full-length aV and B5 plasmids with
unlabeled irisin, fluorophore A488 alone, or A488-irisin. Irisin-induced integrin signaling
was tested by probing the canonical FAK phosphorylation, as shown previously4. A488-
irisin plus unlabeled irisin (but not A488 alone) induced similar integrin signaling in

cells that ectopically expressed aV and 5 subunits (Figure S2A). Irisin binding was

also examined in live cells by tracing A488 fluorescence using confocal microscopy; A488-
irisin binding was detected in cells that expressed a V@5 ectopically, but not in the cells
transfected with control plasmid. Importantly, this binding was significantly enhanced in
cells that were pretreated with recombinant Hsp90a (Figures 3A and S2G). This same
cellular system was then used to investigate integrin signaling. These data confirmed

that irisin treatment induced little integrin signaling in control HEK293T cells, but cells
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that ectopically expressed a\VVB5 showed irisin-induced phosphorylation of FAK in a dose-
dependent manner (Figure 3B). Of note, pretreatment with recombinant Hsp90a shifted the
dose response leftwards. A maximum pFAK signal was induced by 1.0 nM irisin in cells not
receiving Hsp90a, but 0.1 nM was sufficient to stimulate a maximum signal in cells with
added external Hsp90a. (Figure 3B). Interestingly, Hsp90a induced low levels of pFAK in
the absence of a V5, suggesting a role of Hsp90a in other integrin-mediated signaling. To
investigate if other chaperon proteins function in the similar manner, we tested Hsp70, as the
level of one Hsp70 isoform (Hspa5) was also elevated in muscle extracellular fluid samples
with exercise (Figure 2F). A direct interaction between Hsp70 and a\VB5 was not detected
in the pull-down assay (Figure S2B), and no further improvement of irisin-mediated integrin
signaling was observed in HEK293 cells ectopically expressing aVp5 (Figure S2C).

eHsp90a. is present on the surface of many cell types, and mediates specific cellular
functions, such as melanoma migration’-20, a.V integrins are expressed in many melanoma
cell lines, and a5 is on the surface of a variety of melanoma cells that are highly
metastatic®l. However, the relation between eHsp90a and a V5, as well as their molecular
functions in melanoma cells, has not been previously addressed. We chose human melanoma
cells (SK-Mel2) to explore the role of the endogenous eHsp90a. in irisin binding and irisin-
mediated cellular effects. Immunofluorescent staining was used to confirm the expression
of cell surface eHsp90a on SK-Mel2 cells. Live cells were chilled on ice and incubated
with Hsp90a antibody to visualize the Hsp90a on the plasma membrane. Cell surface
eHsp90a. was detected on more than 70% of the cells (Figures 3C and D). The cellular
interaction between eHsp90a and integrin a V5 on the cell surface was next examined
using co-immunoprecipitation. Both aV and p5 subunits co-immunoprecipitated with cell
surface eHsp90a (Figure 2G), indicating the assembly of endogenous aVB5/Hsp90a
complex in melanoma cells. Next, to examine the binding of irisin to SK-Mel2 cells,
A647-irisin, instead of A488-irisin, was used to avoid the high background signal generated
by melanoma cellular autofluorescence. More than 80% of the SK-Mel2 cells pretreated
with a control antibody showed irisin binding, and pre-treatment with anti-Hsp90a antibody
significantly reduced the number of A647-irisin-positive cells to ~10% (Figures 3E and

F). Finally, we assessed the viability of SK-Mel2 cells in response to irisin treatment.
Crystal violet staining revealed a dose-dependent irisin-mediated reduction in cell viability;
treatment with 30~100 ng/mL irisin led to 10~40% reduction of the cell viability,
respectively. Importantly, this reduction of viability could be inhibited by pre-treatment with
an Hsp90a antibody but not with a control antibody (Figures 3G and H).

To test the role of eHsp90a. /n vivo, we injected Hsp90 antibody subcutaneously 24 hrs
before a bolus injection of recombinant irisin directly into the inguinal fat pads (iIWAT) of
mice. iWAT was harvested 20 min after irisin injection for probing integrin signaling and

45 min after irisin injection for measurement of thermogenic gene expression. The irisin-
induced phosphorylation of FAK, CREB and Src and upregulation of UCP1, Cidea and

Dio2 (as shown previously in1#) were strongly reduced by administration of the anti-Hsp90
antibody (Figures 3J and S2D). In cultured melanoma cells, endogenous eHsp90a. associates
with a V5 allowing for irisin actions (Figures 3C-3I). To investigate the formation of
aVB5/eHsp90a complex /in vivo under physiological conditions, we again adopted the

acute exercise protocol to elevate the plasma level of eHsp90a, and probed aVVp5/eHsp90a
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complex in iWAT. This tissue was previously shown to express a V@5 integrin4. As shown
in Figure S2E, the aV subunit was effectively immunoprecipitated from iWAT lysates using
anti-aV antibody. A significant but fairly small percentage (<1%) of total Hsp90a was co-
precipitated with aV in the iWAT of the exercised mice, while the levels of co-precipitated
Hsp90a in the sedentary mice were barely detectable under these conditions.

Taken together, these data indicate a role of exogenous and endogenous Hsp90a. in irisin
actions both in cultured cells and /n vivo.

Hsp90a activates a V@5 for irisin binding

aV integrins prefer to stay in the low energy “closed” state, a state that is generally
considered to be non-permissive for ligand binding. These integrins needs to be activated to
achieve high ligand-binding affinity, allowing efficient RGD-mediated integrin signaling®2.
In theory, Hsp90a could facilitate the interaction between irisin and a V5 either by
activating or stabilizing a V5 into its high-affinity state, or by associating with a V5 to
provide additional sites for irisin binding, or both. To investigate the molecular mechanism
underlying the role of Hsp90a in mediating the irisin/a V@5 interaction, cryogenic electronic
microscopy (cryo-EM) was used to study the conformation of the individual a V5 particles
in the presence or absence of Hsp90a.. We first looked at Hsp90a alone using negative
staining EM, and observed a large population of particles which are significantly smaller
and more heterogeneous than the previously revealed Hsp90a dimer particles under EM33.
The observed structural changes were most likely introduced during EM grid preparation.
To avoid this apparently non-native heterogeneity, we first treated the samples with chemical
cross-linking. This succeeded and we saw a preponderance of two states: an “extended”
(Apo or ADP-bound state) and a “fastened” (ATP bound) states of the Hsp90a (Figures S3A
and S3B)%3.

Next, we sought to determine how Hsp90a affects the conformational states of aVp5. The
a V5 and aVB5/Hsp90a samples for cryo-EM were prepared without using cross-linker
so that native a V5 particles were picked up during particle selection. We adopted both
“template-free” (method 1) and “template-directed” (method 2 and 3) methods to pick
particles for analysis (see methods). Briefly, for unbiased “template-free” method, we

used random blob picker to select particles for 2D classification, and the generated 2D
classes were further analyzed based on the previously described ensembles of three distinct
confirmations: closed (low affinity state), extended closed and open (high affinity state)?!;
for “template-directed” methods, six 2D classes containing “closed”, “extended closed”
and “open” states were first generated from either a V5 or aVB5/Hsp90a samples using
blob picking, and the generated 2D classes were subsequently used as the templates to

pick particles from the aVB5 and aVB5/Hsp90a micrographs (Figures 4A and B). The
number and percentage of particles generated in each state were quantified for both a\VVp5
and aVVB5/Hsp90a samples, with or without particles classified into a “likely open” group
included. Analyzed by all three different methods, we saw more “open” and fewer “closed”
a V5 particles in the aVB5/Hsp90a compared to the a V5 alone sample, suggesting that
Hsp90a functions to “open” a V@5 for tight irisin binding (Figures 4B, C and S3C). This
result is similar to the measured effects of certain exogenous antibodies which bind integrin
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extracellular domains and activate the receptors from a low- to a high-affinity state for ligand
binding®4-56,

We next examined whether Hsp90a affects the affinity of irisin for a V5. To do this, we
took advantage of another method, Mn2* ion supplementation, well known to chemically
activate a variety of integrins3%:57:58, q V@5 was activated either by adding MnZ* ion, or

by forming a complex with Hsp90a (see Figures 1F and 1G), and the affinity of aVp5/
MnZ* and a VB5/Hsp90a for A488-irisin was compared using fluorescence anisotropy. In
contrast to a V@5 alone in Mg2*/Ca2* buffers, the binding affinities of aVB5/MnZ* and
aVB5/Hsp90a for irisin were very similar, with the K A%° of 28nM £ 4 nM and 37 nM £ 7
nM, respectively (Figure 4D). Furthermore, the presence of both Hsp90a and Mn?* did not
further improve the affinity of a Vg5 for irisin (Figure S3D). These results strongly suggest
that the main function of Hsp90a. is to activate or stabilize a V5 in the open structure to
allow ligand binding. Importantly, once this integrin structure is “opened”, Hsp90a does not
appear to further improve the affinity of the receptor for irisin (Figure 4E).

Intracellular Hsp90a is an ATP-dependent chaperone. We therefore investigated whether
the ATPase activity of Hsp90a is essential for mediating the irisin-aVVB5 interaction. After
stripping off the originally bound nucleotide on Hsp90a, we recharged it with various
nucleotides (see methods). Subsequently, the binding between a5 and recombinant
Hsp90a was investigated in different nucleotide states: Apo, ATP, nonhydrolyzable ATP
(AMP-PNP) or ADP. Using a pull-down assay, we detected that, regardless of the nucleotide
state, a similar amount of Hsp90a co-precipitated with a V5 (Figure 4F). A similar
approach was used to test the function of an ATPase-deficient Hsp90a mutant G95D%9. As
shown in Fig 4G, this mutant bound a5 with a similar affinity to the wild-type Hsp90a
(Figure 4G). This suggests that the classic chaperone activity of Hsp90a., depending on ATP,
is not required for the Hsp90a.-aVB5 interaction.

Biophysical characterization of the irisin/aVB5 complex suggests an unconventional
ligand-integrin interaction

Irisin differs in several ways from other integrin ligands: first, as a small polypeptide
hormone ligand, irisin contains only one distinguished functional domain that shares limited
sequence homology (15~20% identity), but great structural homology, to fibronectin 11l
domains (Figure S4A). Furthermore, it does not contain an RGD motif that is considered

to be the hallmark of integrin ligands (Figure S4A). Moreover, irisin plasma level is much
lower compared to many known integrin ligands. While these results argue that eHsp90a
serves as a physiological pathway to activate integrin, mediating both irisin binding and
signaling, the exact mode of activation of integrins by irisin would require understanding at
the atomic level.

To generate a structural model of the irisin-a V5 complex, we first estimated the binding
stoichiometry between irisin and a V5, using a form of the classic Job plot where the
concentration is held constant and mole fraction is varied. In this case, we detected the
binding by MicroScale Thermophoresis (MST)®0. Briefly, the MST response is plotted
against the mole fraction of the ligand, and the maximum amount of complex formation
(minimum response in the MST measurement) occurs at the mole fraction that corresponds

Mol Cell. Author manuscript; available in PMC 2024 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Actal.

Page 9

to the complex composition. Two linear fitting curves intersected at ~50% mole fraction of
irisin (see Figure 5A), suggesting that one irisin molecule binds to one a V5 heterodimer.
The binding stoichiometry suggested that the irisin used here, expressed in mammalian cells
(irisin-mam), is a monomer. This is quite distinct from the previously characterized dimeric
form of irisin that was produced in bacteria (irisin-bac)12. Irisin-mam is heavily glycosylated
and appears to be much larger than its protein molecular mass (~14 kDa) in SDS-PAGE
(Figure S1A). To determine the oligomeric state of irisin-mam, we used SEC-MALS to
measure the absolute molar mass of irisin protein and its conjugated glycans. Irisin eluted as
monodispersed particles by size exclusion chromatography with an average molecular mass
of 27.3 kDa, as detected by light scattering. We further performed conjugate analysis and
determined the irisin protein mass of 16.7 kDa plus the glycan mass of 10.8 kDa. These data
indicate that irisin-mam is a monomer in solution (Figure 5B).

To characterize the effects of binding between irisin and a V5, we used hydrogen/
deuterium exchange mass spectrometry (HDX-MS). We did this with large amounts of
highly purified recombinant aVB5 ectodomain in the presence of Mn2* which permitted
much more robust HDX than our previous HDX/MS work4. The use of Mn?* instead of
eHsp90a to “open” the integrin simplified the HDX/MS analysis of irisin binding to a V5.
Regions of a V5 were found protected in the complex (Figure 5C and Data S1). Of note,
the sites that are protected by irisin are mostly on the p5 subunit (Figure 5D), and most of
the sites are distinct from the RGD binding sites mapped in other a'V integrins by HDX®1,
The loop of the B propeller domain of the aVV subunit containing the MnZ* binding site
close to the thigh domain was strongly protected from HDX in the complex, indicating that
irisin binding further stabilized a\VB5 in the extended open confirmation32. Little change in
HDX signal was observed within irisin itself, indicating that conformational rearrangements
or changes to conformational dynamics did not occur in irisin as a result of binding to this
integrin.

Atomic resolution model of the irisin/aVB5 complex

Finally, we generated a docking model of the irisin/a V5 complex, refined by multiple
steps of MD simulation82. The experimental results of binding stoichiometry, as well as the
HDX-MS results were incorporated as restraints during the docking process (Figure 6A and
Data S2). Notably, this model revealed an extensive binding interface, burying 1586 A2 of
irisin that involves five of its six inter-strand loops and four of its seven p-sheets. On the
integrin side, most of the binding interface is on the Bl domain in the g5 head, and only
three loops of the B propeller domain in the aV head right at the a/p subunit interface are
involved. Complete exposure of the irisin binding site requires aVVp5 to be in the “open”
state (Figure 6B and Data S3). This is in striking contrast to the binding of FN10 to its
integrin receptors in which their contact area is only a few hundreds of AZ and is solely
contributed by the RGD loop of FN10 (Figure 6C). The binding of irisin to integrin is
dominated by electrostatic interactions, where one acidic patch and one basic patch on irisin
well fit into the corresponding basic and acidic grooves on a V@5 (Figure 6D). Interestingly,
the amino acid residues that interact with irisin are not assembled into the structural grooves
on aVB5 adopting the closed confirmation, suggesting that irisin binding requires a V5 to
be in the open state.
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Several residues at the irisin/a V5 interface stabilize the intermolecular interactions by
bonding with more than one residue. For example, E991 in the 5 subunit and E82 in the aVV
subunit within the acidic groove binds H13, S22, S58, and R44, Q39 in irisin, respectively;
R905 and K923 sitting in the basic groove of B5 subunit interact with Q50, E51, V52, and
V31, T54 in irisin, respectively (Figure 6E). Given that the N- and C-termini of irisin align
with those of integrin in the same direction, it is unlikely that FNDC5, as a membrane
protein, can serve as a “counter receptor” of integrin. Although irisin is a small polypeptide
integrin ligand, this unusually large interface likely gives rise to the high-affinity integrin
binding.

Besides the difference in the size of the binding interface which likely accounts for the
different binding affinity, we also compared the actual integrin binding sites between

irisin and the fibronectin FN10 domain. FN10-a VB3 complex structure (PDB 4MMX)

was used for fibronectin alignment to dock FN10 onto a V5. Distinct from the canonical
RGD-mediated integrin ligand binding site, irisin binds to the opposite side of a V5 (Figure
6C).

Lastly, the irisin-a V5 interface in the model is largely overlapping with the irisin dimer
interface shown in a crystal structure of bac-irisin12, This data predicts a significantly lower
affinity of the bacterial irisin as a dimer compared to the higher affinity of mammalian irisin
monomer for a V5.

Validation of the irisin/aVp5 complex model

This model of the irisin/aVVB5 complex is surprising for at least two reasons. First, the
irisin binding site on a5 is completely distinct from the binding sites for other FNIII
domain-containing ligands. Hence, they should not be competitive with irisin for binding
to a V5. Second, the large irisin-a V5 interface in this model likely accounts for the
high affinity binding of the irisin monomer, rather than the dimer, to a V5. This is
because the irisin-a V5 interface largely overlaps with the irisin dimer interface, so that
the a V5 binding site on irisin could be masked by the other irisin subunit in the irisin
dimer. Therefore, aVp5 would sterically compete with one irisin subunit in the dimer for
binding to the other irisin monomer, resulting in apparently low affinity of irisin dimer

for aVB5. To examine these predictions, we first compared the binding of irisin to aV5
with that of a classical FNIII-domain integrin ligand. Irisin shares structural homology with
the fibronectin FNIII 101" domain (FN10)2, but lacks an RGD that is present in this and
many other FNII1 domain-containing a V5 ligands (Figure S4A). We prepared a 10 kDa
protein containing just the FN10 domain of fibronectin and tested the affinity between FN10
and aVVB5 using the fluorescence anisotropy binding assay with A488-labeled FN10. This
yielded a KPP of 146 nM + 23 nM for the FN10 protein, almost 5-fold weaker than the
affinity between irisin and a V5 (Figure 7A). To determine experimentally whether irisin
binds a V5 at a different site from that occupied by the canonical RGD-mediated integrin
binding adopted by FN10, a fluorescence anisotropy competition assay was used. This
employed fixed concentrations of A488-FN10 and a V5, and varying amounts of either
unlabeled irisin or FN10. While unlabeled FN10 binds a V5 competitively with a K%
of 239 nM, the unlabeled irisin did not show any detectable competition with FN10. This
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indicates that these two FNIII domain containing proteins, irisin and FN10, do not compete
for binding at the same integrin site, and the presence of irisin at indicated concentrations
did not affect FN10/a V5 complex stability (Figure 7B). To further emphasize this point,
we asked whether a single a5 could bind irisin and the FN10 protein simultaneously. A
Fluorescence Resonance Energy Transfer (FRET) assay was performed using A488-FN10
and A555-irisin, and significant FRET was detected only in the presence of a V5. These
data indicate that the fibronectin FN10 and irisin can bind a V5 simultaneously and in close
proximity (Figure 7C).

Next, we examined whether the irisin monomer has higher affinity for a Vg5 compared

to irisin dimer. As shown in Figure 5B and!2, irisin-mam is a glycosylated monomer and
irisin-bac is a non-glycosylated dimer. We compared the affinities of a V5 for irisin-mam
and irisin-bac. The latter binds a V5 with a K#°° of 256 nM + 14 nM, about 8-fold
weaker than that for irisin-mam, when measured by the fluorescence anisotropy binding
assay with A488-irisin-bac (Figure 7D). To examine whether a5 sterically competes with
one of the irisin subunits in the dimer to bind the other irisin monomer, we then investigated
whether irisin-mam competes with irisin-bac for the same binding site on a V5. We used
fluorescence anisotropy in a competition assay with fixed concentrations of A488-irisin-bac
and a V5, and varying amounts of unlabeled irisin-bac or irisin-mam, which yielded a
KPP of 294 nM and 35 nM, respectively. It is noteworthy that both unlabeled irisin-bac
and irisin-mam achieved 100% inhibition at higher concentrations, indicating that they

both bind a5 at the same site (Figure 7E). Lastly, we generated the non-glycosylated
irisin monomer mutant R75E from bacteria as previously described!2, and performed the
same anisotropy competition assay as Figure 7E. The monomeric mutant binds a V5 with
similarly high affinity (K f° of 42 nM) as irisin-mam, compared to the wild type irisin
bacterial dimer (K, P of 299 nM), and 100% inhibition was achieved at the micromolar
concentration range of both forms of irisin (Figure 7F). Collectively, these data provide
validation of key aspects of this model ofirisin-a V5 binding.

Finally, we generated two aVB5 mutants by reversing the charge of the amino acid residues
that mediate irisin interaction and reside in the center of the basic (R218E) and acidic
(E304R) grooves, respectively. The mutants showed ~80% (E304R) and > 90% (R218E)
reduction of their affinities for irisin compared to WT (Figure 7G).

Discussion

Irisin is a muscle-derived polypeptide hormone whose levels increase with exercise in
rodents and humans3-15, Multiple studies in rodents, both gain and loss of function,
indicate that irisin represents a potentially critical link between exercise and adaptations

of the body to exercise. In light of this, a more comprehensive knowledge of ligand-receptor
dynamics should be particularly useful to obtain an understanding of irisin-mediated effects
and could inform the development of irisin-based therapeutics.

In this paper, we show that irisin employs an alternative two-step process, involving another
extracellular protein Hsp90a in integrin activation. Given the broad tissue expression of
Hsp90a, it seems very likely that eHsp90a may participate in other integrin-mediated
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cellular events. In addition, identifying eHsp90a as a stress-induced factor used by irisin
to mediate its signaling, suggests that irisin may have important functions in other stress-
induced pathological conditions.

Our docking model, based on the demonstrated biochemical data and biophysical HDX-MS
data, revealed a distinct integrin-ligand binding site. Interestingly, this model illustrates a
broader, “pancake-like” positioning of irisin mainly on the 5 subunit, quite distinct from
the known RGD binding site. The multiple atomic interactions in this conformation provide
for high affinity and importantly, are also capable of inducing a global conformational
rearrangement of the integrin subunits to elicit signal transduction. Of course, how this
signaling in the end differs from that generated by RGD-containing ligands remains to be
determined.

Glycosylation has important roles in protein solubility, stability, structure, secretion and
other cellular functions. Previous elegant work by Schumacher et al (2013) clearly showed
that unglycosylated irisin produced in bacteria exists as a homodimer, both in solution

and in a crystal structurel2. In contrast, we show here that irisin produced from HEK293
cells is a highly glycosylated monomer that nevertheless binds integrin with high affinity.

In contrast, the bacterially-produced irisin, which is a dimer, binds integrin much more
weakly. Interestingly, one of the predicted irisin glycosylation sites resides close to the dimer
interface, suggesting that irisin glycosylation might affect its state of oligomerization, thus
affecting irisin’s affinity for integrin. Of course, another consideration going forward is that
the glycosylation profile of any recombinant protein might be influenced by the repertoire
of glycosylation enzymes and transporters expressed by any particular host “producer”
cell83-65, For instance, more sites were shown to be glycosylated extensively in recombinant
proteins produced in HEK293 cells compared to those produced in CHO cells, and the
composition and the shape of the glycans are also markedly different®3-65,

Irisin appears to readily pass the blood brain barrier (BBB) to affect several critical brain
functions, notably learning and memory in two Alzheimers disease models1®, as well as

a model of Parkinson’s Disease caused by a-synuclein injectionl’. In addition, genetic
ablation of FNDCS5 renders mice less able to gain the cognitive benefits of exercise. It is
therefore noteworthy that aV integrins are abundantly expressed on the brain endothelial
cells, pericytes and astrocytes that constitute the BBB. Thus, the receptor dynamics
described here may be used by irisin for receptor-mediated transcytosis®8-67 and for this
myokine to cross the BBB. Taken together, these studies provide information that may direct
the design of new forms of irisin with improved activity and/or improved pharmacological
kinetics.

Limitations of the study

We identified eHsp90a as one key factor to assist irisin in mediating its actions through
an integrin receptor. However, different stimuli may induce alternative factors to achieve a
similar two-step process in different cell types and tissues. Further investigation in other
irisin-responsive systems, such as a-synuclein-induced cortical neurons, is required for
exploring other potential mechanisms. In addition, how Hsp90a interacts with integrin

to open it up has not yet been fully addressed here, and HDX/MS analysis as well
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as binding test using individual domains of Hsp90a and integrin would provide more
detailed information. Finally, although the irisin/a V5 structural model has been validated
biochemically, it may be important to note that further validation in cultured cells and in
vivo in mouse models could be done in the future to help dissect downstream pathways
elicited by irisin in comparison with those induced by canonical integrin ligands.

STAR METHODS:
RESOURCE AVAILABILITY

Lead contact—Further information and requests for the resources and reagents
should be directed to and will be fulfilled by the Lead Contact, Bruce Spiegelman
(bruce_spiegelman@dfci.harvard.edu).

Materials availability—Unique material generated in this study, such as fluorescent irisin,
will be available from the Lead Contact upon request.

Data and code availability

. All data, including mass spectrometry proteomics data and unprocessed and
uncompressed images, from this publication have been deposited and are
publicly available as the date of publication. Accession numbers and DOI are
listed in the key resources table.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the Lead Contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—Miice used for this study were housed at 22 °C, unless stated differently. They were
housed with a 12h light/dark cycle and had unlimited access to food and water. Wild-type, 8
week old, male mice for exercise experiments were obtained from The Jackson Laboratory
(C57BL/6J, #000664). All procedures were performed according to the NIH Guide for the
Care and Use of Experimental Animal and approved Institutional Animal Care and Use
Committee of Beth Israel Deaconess Medical Center.

Cell culture—Expi293F cells were purchased from Life Technologies (A14527) and
maintained in Expi293 medium (Life Technologies A1435101) at 37 °C shaking incubator
with 8% CO» at 100 rpm. HEK293T cells were purchased from ATCC (CRL-3216) and
maintained in growth medium DMEM supplemented with 10% fetal bovine serum and
penicillin/streptomycin at 37 °C. SK-Mel-2 cells were purchased from ATCC (HTB-68)
and maintained in growth medium DMEM supplemented with 10% fetal bovine serum and
penicillin/streptomycin at 37 °C.

METHOD DETAILS

Acute exercise protocol—Mice were trained on a motorized treadmill (Columbus
Instruments) for three consecutive days. The exercise protocol was adapted from Reddy

Mol Cell. Author manuscript; available in PMC 2024 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Actal.

Page 14

et al. with minor modifications®®. In brief, mice were trained 5 min at 12 m/min followed
by a 1 min rest. Subsequently, mice run another 5 min at 12 m/min and 5 min at 14 m/min.
On the third day of training, sedentary mice were removed from the treadmill and exercise
mice were kept running for a total of 45 min with ramped up speed of 2 m/min every

5 mins and maximum speed of 26 m/min. Mice were sacrificed either 0 h, 30 min, 60

min, 2 h, or 4 h after the run, as indicated. Blood samples were taken, the gastrocnemius
muscle was dissected and IF was isolated. Blood was allowed to clot for 15 min at room
temperature, and centrifuged 10 min at 10,000 x g to remove the clot. Tissue, IF, and
serum samples were used for western blot analysis using an a isoform specific anti-Hsp90
antibody (Invitrogen PA3-013). IF isolated 60 min post exercise was used for proteomic
analysis. For immunoprecipitation assay, mice were sacrificed 60 min after the run and both
inguinal fat pads were taken.

Interstitial fluid isolation—Rapid IF isolation was modified from previous procedures*2-
45, Briefly, gastrocnemius muscle was dissected, placed into a 20 um nylon mesh (Millipore
Sigma N'Y2004700), and fixed in a 1.5 ml tube. Subsequently, tissue was centrifuged at low
speed (600-800 x g) for 10 min at 4 °C. IF was shap frozen and kept at =80 °C for further
processing and analysis.

Immunodepletion of IF and Serum—Serum and IF samples were immunodepleted
using R&D Systems™ Proteome Purify 2 Mouse Serum Protein Immunodepletion

Resin (R&D Systems MIDR002020). The protocol was performed as described by the
manufacturer. Briefly, 10 ul IF or serum was mixed with 1 ml of the immunodepletion
resin and incubated on a rotator shaker at room temperature for 45 min. Subsequently 1

ml of resin was equally split into two SpinX filter tubes (R&D Systems SPINX8160036)
and centrifuged at 1,500 g for 2 min. Flowthrough was collected, protein concentration was
analyzed using Micro BCA™ Protein Assay Kit (Thermo Scientific 23235), and samples
were snap frozen and kept at —80°C for further analysis.

Protein in-gel digestion, peptide isobaric labeling, LC-MS/MS analysis and
mass spectrometry data processing—Silver-stained gel bands were excised,
destained with acetonitrile, and digested in 100 mM EPPS, pH 8.5 containing 1 g of trypsin
(Promega) (overnight at 37 °C). Digests buffer was removed and 5 UL of TMTpro reagents
(Thermo Fisher) was added to each solution for 1 hr at room temperature (25 °C). After
incubating, the reaction was quenched by adding 1 pL of 5% (w/v) hydroxylamine. Labelled
peptides were combined and subsequently desalted by C18 StageTips (Empore 3M).

Data were collected using an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher
Scientific, San Jose, CA) coupled with a Proxeon EASY-nLC 1200 LC pump (Thermo
Fisher Scientific). Peptides were separated on a 100 pm inner diameter microcapillary
column packed with 35 cm of Accucore C18 resin (2.6 um, 100 A, Thermo Fisher
Scientific). Peptides were separated using a 3 hr gradient of 6-22% acetonitrile in 0.125%
formic acid with a flow rate of ~400 nL/min. Each analysis used an MS3-based TMT
method. The data were acquired using a mass range of 7/z400 — 1400, resolution at
120,000, AGC target of 1 x 106, a maximum injection time 100 ms, dynamic exclusion of
180 seconds for the peptide measurements in the Orbitrap.
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Data dependent MS2 spectra were acquired in the ion trap with a normalized collision
energy (NCE) set at 35%, AGC target set to 2.0 x 10° and a maximum injection time of 120
ms. MS3 scans were acquired in the Orbitrap with a HCD collision energy set to 45%, AGC
target set to 1.5 x 10°, maximum injection time of 200 ms, resolution at 50,000 and with a
maximum synchronous precursor selection (SPS) precursors set to 10.

In-house developed software was used to convert acquired mass spectrometric data from

the .RAW file to the mzXML format. Erroneous assignments of peptide ion charge state

and monoisotopic /m/zwere also corrected by the internal software. SEQUEST algorithm
was used to assign MS2 spectra by searching the data against a protein sequence database
including Mouse Uniprot Database (downloaded June 2017) and known contaminants such
as mouse albumin and human keratins. A forward (target) database component was followed
by a decoy component including all listed protein sequences. Searches were performed
using a 20 ppm precursor ion tolerance and requiring both peptide termini to be consistent
with trypsin specificity. 16-plex TMT labels on lysine residues and peptide N termini
(+304.2071 Da) were set as static modifications and oxidation of methionine residues
(+15.99492 Da) as a variable modification. An MS2 spectra assignment false discovery

rate (FDR) of less than 1% was implemented by applying the target-decoy database search
strategy. Filtering was performed using a linear discrimination analysis method to create one
combined filter parameter from the following peptide ion and MS2 spectra properties: XCorr
and ACn, peptide ion mass accuracy, and peptide length. Linear discrimination scores were
used to assign probabilities to each MS2 spectrum for being assigned correctly and these
probabilities were further used to filter the data set with an MS2 spectra assignment FDR to
obtain protein identification FDR of less than 1%.

For reporter ion quantification, a 0.003 /m/zwindow centred on the theoretical /772 value

of each reporter ion was monitored for ions, and the maximum intensity of the signal

to the theoretical m/zvalue was recorded. Reporter ion intensities were normalized by
multiplication with the ion accumulation time for each MS2 or MS3 spectrum and adjusted
based on the overlap of isotopic envelopes of all reporter ions. Following extraction of

the reporter ion signal, the isotopic impurities of the TMT reagent were corrected using

the values specified by the manufacturer’s specification. Total signal-to-noise values for all
peptides were summed for each TMT channel and all values were adjusted to account for
variance and a total minimum signal-to-noise value of 200 was implemented.

Plasmids—Integrin a V@5 ectodomain constructs were generated for recombinant
protein production in mammalian cells as previously described33:69.70_In brief, soluble,
heterodimeric a5 construct was prepared from wild-type human aV and 5 cDNAS
by PCR and standard molecular cloning techniques. aV subunit cDNA encoding the
signal sequence and the ectodomain residues 32-991 was fused to a C-terminal peptide
encoding an acidic a-helical coiled-coil region flanked by an N-terminal HRV3C protease
recognition site and a C-terminal twin Strep-I1 tag and inserted into EcoR1 and BamH1
sites of the pcDNA3.1 vector. Similarly, a cDNA encoding the signal sequence and the
ectodomain residues 24—717 of B5 was fused to a C-terminal sequence encoding a basic
a-helical coiled-coil region flanked by an N-terminal HRV3C protease recognition site
and a C-terminal 8xHis tag and inserted into EcoR1 and BamH1 sites of the pcDNA3.1
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vector. Cys residues were introduced into both of the above constructs right in front

of the HRV3C sites for formation of a disulfide bond potentially. For cellular assays,

a V5 full-length constructs were purchased from Sino Biologicals (aV:HG11269-CY;
B5:HG10779-CM). Irisin-mam and irisin-bac constructs used for recombinant protein
production were generated as previously described12.14, Human Hsp90a and human
Hsp70 full-length cDNAs were amplified by PCR from the plasmid purchased from Sino
Biologicals (HSP90OAAL: HG11445-CF; HSPA1A: HG11660-NF), and cloned into a C7
vector containing an HRV3C protease site and a 10 x His tag at the C-terminus using

FX cloning system (Addgene 1000000039). Site-direct mutagenesis was used to introduce
the single point mutation into Hsp90a.. Human fibronectin 10t FNIII domain DNA was
synthesized by IDT and cloned into C7 vector containing a HRV3C protease site and a 10 x
His tag at the C-terminus using FX cloning system (Addgene 1000000039).

Recombinant protein expression and purification—For protein expression in
mammalian cells, 2.8 x 108 Expi293F cells (Life Technologies A14527) grown in 1 L
Expi293F expression medium (Life Technologies A1435101) were transfected with 1mg
DNA mixture containing 0.6 mg aV plasmid and 0.4 mg 5 plasmid, and 3mg sterile

25 kDa linear PEI mix in Opti-Plex Complexation Buffer (Life Technologies A4096801).
Proteins were expressed at 37°C, 8% CO,, >80% humidity with shaking at 125 rpm for 4
days. Enhancers (Life Technologies A14524) were added 22 hrs post transfection to boost
protein expression.

For protein expression in E. coli, T7-express (NEB C2566) £. coli was transformed with the
corresponding plasmid (Hsp90a., irisin-bac and FN10) and was grown in Terrific Broth until
ODgqg reached 2.5. 0.2 mM IPTG was added to induce protein expression at 22°C for 10
hrs.

For aVB5 ectodomain protein (WT and mutants) purification from Expi293F cells, all of
the following steps were performed at 4°C or on ice. Cells were pelleted at 600 x g for

20 min, and the medium was subjected to an additional 2 hrs of centrifugation at 1000 x

g. The supernatant was filtered through 0.22 pum filter unit and was concentrated 10-fold
using Tangential Filtration System with 50,000 kDa MWCO (Paul) before being applied
to Ni-Excel affinity column (Cytiva 17371201) equilibrated in PB (10 mM Hepes pH7.4,
150 mM NaCl, 5 mM CacCl,). After thorough washes with PB, the column was eluted with
PB supplemented with 500 mM imidazole. The eluted protein was subsequently applied to
Strep-Tactin column (IBA 2-1208) equilibrated in PB. After thorough washes with PB, the
column was either: 1) treated with HRV3C protease in PB (at 1:100 enzyme to substrate
molar ratio) for 16 hrs at 4°C followed by 3 column PB washes to obtain unclasped

and untagged a V5; or 2) eluted with strep elution buffer (PB + 5 mM dethiobiotin) to
obtain clasped and tagged a V5. For the highly purified material, protein was then loaded
onto MonoQ ion exchange column (Cytiva 17516701) and eluted with a salt gradient (50
mM to 500 mM NaCl with 10 mM Tris at pH7.4). The peak fractions containing a V5
ectodomain were concentrated with 50,000 MWCO Amicon Ultra-15 filter unit (Millipore)
before further purification through Superdex 200 10/300 GL gel-filtration column (Cytiva
17517501) equilibrated with Mg/Ca buffer (10 mM Hepes pH7.4, 150 mM NaCl, 1 mM
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MgCl,, 1 mM CaCl,). Protein was further concentrated to >5 uM before being aliquoted,
frozen in liquid nitrogen, and stored at —80°C. In all cases, the Hepes pH given is at 23°C.

For purification of Hsp90a and its mutant, FN10 and irisin-bac, all following steps were
performed at 4°C or on ice. Cells were pelleted by centrifugation at 600 x g for 20 min

at 4°C. Supernatant was removed and the cell pellet was washed once with PBS and
resuspended in EB (100 mM Tris pH 8, 500 mM NaCl, 20 mM imidazole, 0.5 mM TCEP,
10% glycerol, 1 x Halt Protease Inhibitors (Thermo Fisher Scientific 78439)). Resuspended
cells were then sonicated for 45 min (5 s on and 10 s off pulse) at 50% amplitude. Cell
debris was removed by ultracentrifugation at 185,000 x g for 1 h. For Hsp90a and FN10, the
supernatant was passed through Ni-NTA (ThermoFisher Scientific 25214) column, followed
by thorough washes with WB (10 mM Tris pH 8, 250 mM NaCl, 40 mM imidazole, 0.5
mM TCEP). For Hsp90a, the column was then thoroughly washed with MgZ*/ATP buffer
(100 mM Tris pH7.4, 50 mM KCI, 5 mM ATP, 25 mM MgCl,, 500 mM sucrose and

25% glycerol), followed by a minimum wash step with WB. The column was then treated
with HRV3C protease in WB (at 1:100 enzyme to substrate molar ratio) for 16 hrs at

4°C, followed by 3 column volume WB washes to obtain the untagged Hsp90a. and FN10.
For irisin-bac, the supernatant was passed through Pierce Glutathione Argarose (Thermo
Scientific 16100) column, followed by thorough washes with WBG (10 mM Tris pH 8, 250
mM NacCl, 0.5 mM TCEP). The column was then treated with HRV3C protease in WBG

(at 1:100 enzyme to substrate molar ratio) for 16 hrs at 4°C followed by 3 column volume
WBG wash to obtain untagged irisin-bac. The eluted proteins were concentrated with 30,000
MWCO (for Hsp90a.) or 3,000 MWCO (for FN10 and irisin-bac) Amicon Ultra-15 filter
unit (Millipore) before further purification through Superdex 200 10/300 GL gel-filtration
column (Cytiva 17517501) equilibrated with FPLC buffer (10 mM Hepes pH7.4, 150 mM
NaCl, 10% glycerol). Proteins were further concentrated to > 50 uM before being aliquoted,
frozen in liquid nitrogen, and stored at —80°C. In all cases, Hepes pH given is at 23°C. A
portion of the prepared Hsp90a. planned for mammalian cell culture treatment was further
purified using Toxin eraser Endotoxin Removal Kit (Gene Script L00338), and the level

of endotoxin was measured using Toxin Sensor Chromogenic LAL Endotoxin Assay Kit
(GeneScript L00350). The endotoxin-free Hsp90a was dialyzed into PBS and aliquoted,
frozen in liquid nitrogen, and stored at —80°C

For biochemical reconstitution of the aVB5/Hsp90a complex in stoichiometry, 1 uM
clasped and tagged a V@5 was incubated with 20 pM untagged Hsp90a in Mg/Ca buffer
with end-over-end mixing at 4°C for 5 hrs. Protein mix was purified through TALON

Metal Affinity column (Takara 635503) equilibrated in Mg/Ca buffer with extensive Mg/Ca
buffer washing. The eluted protein complex was concentrated with 100,000 MWCO Amicon
Ultra-15 filter unit (Millipore) before further purification through Superdex 200 10/300 GL
gel-filtration column (Cytiva 17517501) equilibrated with Mg/Ca buffer. Protein complex
was further concentrated to >5 uM before being aliquoted, frozen in liquid nitrogen, and
stored at —80°C.

Proteins were dialyzed into the corresponding assaying buffers overnight at 4°C before the
individual experiments were conducted.
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Protein binding assays—Biolayer Inferometry (BLI) measurements were conducted by
Octet RED384. 5 nM clasped and tagged aVVB5 was immobilized on Streptavidin biosensors
(FortéBio 18-5019) and binding kinetics was measured with varying amounts of irisin in the
Mg/Ca buffer. Data analysis HT software was used for the fitting and K calculations.

For TALON pull-down of purified Hsp90a (WT or mutant) or Hsp70, 1 uM clasped

and tagged a V5 or control peptide dimer (HRV3C-acidic stretch-2xstrepll/HRV3C-basic
stretch-8xHis) was incubated with 2 uM untagged Hsp90a (WT or mutant) or Hsp70 in
Mg/Ca buffer with end-over-end mixing at 4°C for 1hr. Separately, 0.2 volumes of 50%
TALON Metal Affinity bead slurry (Takara 635503) was washed in the Mg/Ca buffer before
adding to protein mix. After 1 hr incubation at 4°C, beads were washed with the Mg/Ca
buffer. The bead pellet was probed by either Coomassie staining or by western blot with
anti-Hsp90a antibody (Invitrogen PA3-013) or anti-Hsp70 antibody (Invitrogen MA3-006).
For TALON pull-down of purified Hsp90a recharged with different nucleotides, 10 uM
Hsp90a was incubated with ImM EDTA on ice for 5 min and dialyzed into DB (10 mM
Hepes pH7.4, 150 mM NaCl, 5 mM MgCly) to obtain Hsp90a.-apo. 1 mM ATP, AMP-PNP
or ADP was then added into the aVB5/Hsp90a mix for the pull-down assay.

For immuno-precipitation from cell extracts, SK-Mel2 cells were chilled on ice and
incubated with 5 pg/mL anti-Hsp90a (Invitrogen PA3-013) for 1 hr at 4°C with shaking
(7 see-saw movements per minute). The cells were than washed with cold PBS and

lysed with prechilled IP buffer (50 mM Hepes pH7.4, 150 mM NacCl, 1% Triton X-100,
0.1% Na-deoxycholate, protease inhibitor cocktail (Roche 11873580001), PhosStop (Roche
49068450001), Pierce Universal Nuclease (Thermo Fisher Scientific 88700)). Cell debris
was removed by centrifugation at 17,000 x g for 20 min at 4°C. The supernatant was then
incubated with Protein A beads (Thermo Scientific 20333) equilibrated in IP buffer for 3
hrs. Beads were washed with the IP buffer, and the bound proteins were eluted with the
SDS sample buffer. They were then resolved by SDS-PAGE, and probed with anti-Hsp90a
(Invitrogen PA3-013), anti-aV (Cell Signaling 60896) or anti-p5 (Abcam ab184312).

For immuno-precipitation from iWAT, fat pads were harvested at the indicated time points
and homogenized in chilled IP buffer as mentioned above using Polytron at 1,200 rpm for
2 min. The lysates were placed on ice for 30 min followed by centrifugation at 17,000

x g for 30 min at 4°C. The supernatant under the top fat layer was taken using a needle
syringe, and cleaned up by 3 hrs of incubation with Protein A beads (Thermo Scientific
20333) equilibrated in IP buffer. The protein concentration of the supernatant was measured
by Pierce Detergent Compatible Bradford Assay Reagent (Thermo Scientific 1863028),
and 200 pg of total protein from each sample was used for incubation with anti-a.V (Cell
Signaling 60896) antibody or anti-His (Abcam ab9108) antibody (control) overnight at 4°C
with end-over-end rotation, followed by 3 hrs of incubation with Protein A beads. The
beads were then washed with the IP buffer, and the bound proteins were eluted with the
SDS sample buffer. They were then resolved by SDS-PAGE, and probed with anti-Hsp90a
(Invitrogen PA3-013) and anti-aV (R&D Systems AF1219).

Fluorescence polarization anisotropy measurements were conducted using irisin or FN10
labeled with Alexa Fluor 488 (A488), as previously described’L. For the anisotropy binding
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assays, 50 nM A488 labeled ligand proteins were mixed with varying concentrations of
unlabeled receptor proteins or protein complexes dialyzed into the indicated buffers. For

the anisotropy competition binding assay, 50 nM A488 labeled ligand proteins and fixed
concentrations of the indicated receptor proteins or protein complexes dialyzed into the
indicated buffers were mixed with varying concentrations of unlabeled ligand competitor
proteins dialyzed into the indicated assaying buffers. Fluorescence anisotropy was measured
using the Clariostar plate reader. Binding curves were fit using standard hyperbolic
saturation fitting’2. The KA°P values were calculated based on’3-75.

MicroScale Thermophoresis (MST) was conducted using recombinant a5 and A488-
irisin in the presence of Mn2* (10 mM Hepes pH 7.4, 150 mM NaCl, 1 mM MnCl,). Total
molar concentration of proteins were kept the same (1 pM) and varying a V5 to A488-irisin
ratios (1:10, 1:7, 1:3, 1:1, 3:1, 7:1, and 10:1) were tested using standard treated capillaries
(NanoTemper K002) and responses were measured using Monolith NT.115pico.

Detection of integrin signaling in HEK293T cells—For testing integrin signaling in
HEK293T, cells were seeded onto the 10 cm dishes (4 x 108 cells/dish) and incubated at
37°C, 5% CO», overnight. Cells were then transfected with either 10 pg of control plasmid,
or 10 pg of DNA mixture containing 0.6 pg of full-length aV, 0.4 pg of full-length p5

and 9 pg of control plasmid, as well as 24 pL Lipofectamine 2000 (Invitrogen 11668500),
followed by 6 hrs of incubation. The transfected cells were then split into 6-well dishes
(400,000 cells/well) and incubated overnight. Prior to irisin and/or Hsp90a treatment,

cells were switched into FreeStyle293 expression medium (Life Technologies 12338-018)
followed by 4-5 hrs of incubation. For cells that received Hsp90a, 1 nM Hsp90a was added
directly into the cultures 1 hr before the irisin treatment, and then irisin was applied to

the cells to the indicated final doses with minimum mechanical disturbance. Medium was
removed after 5 minutes and cells were lysed with Pierce RIPA buffer (Thermo Scientific
89900), supplemented with Protease inhibitor cocktail (Roche 11836170001), PhosStop
(Roche 04906837001) and Pierce Universal Nuclease (Thermo Fisher Scientific 88700).
Cell lysates were scraped off the dishes and centrifuged at 17,000 x g for 10 min at 4°C.
The protein concentration of the supernatant was measured by Pierce Detergent Compatible
Bradford Assay Reagent (Thermo Scientific 1863028), and 10 pg of total protein from each
sample was loaded and resolved by SDS-PAGE. Total FAK and the FAK phosphorylated at
Y397 site (pFAK Y397) were probed with anti-FAK (Cell Signaling 3285) and anti-pFAK
(Cell Signaling 3283).

For testing integrin signaling in iWAT, wild type 8-week C57BL/6J mice cells were given
anti-Hsp90a (Enzo ADI-SPA-830, 500 pg/kg) antibody or control 1gG (R&D Systems
MABO002) injection subcutaneously. After 24 hrs, the mice were given a bolus injection of
recombinant irisin (5 mg/kg) directly into the inguinal fat pads. iWAT was harvested 20 min
after irisin injection and was homogenized using Polytron at 1200 rpm for 2 min in Pierce
RIPA buffer (Thermo Scientific 89900), supplemented with Protease inhibitor cocktail
(Roche 11836170001), PhosStop (Roche 04906837001) and Pierce Universal Nuclease
(Thermo Fisher Scientific 88700). Tissue lysates were then centrifuged at 17,000 x g for

30 min at 4°C and the supernatant was taken using a needle syringe to avoid disturbing

the top fat layer. The protein concentration of the supernatant was measured by Pierce
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Detergent Compatible Bradford Assay Reagent (Thermo Scientific 1863028), and 10 ug of
total protein from each sample was loaded and resolved by SDS-PAGE. Antibodies used
for integrin signaling probing: anti-FAK (Cell Signaling 3285), anti-pFAK (Cell Signaling
3283), anti-CREB (Cell Signaling 9104), anti-pCREB (Cell Signaling 9198), anti-Src (Cell
Signaling 2108), and anti-pSrc (Cell Signaling 6943).

Gene expression analysis by gRT-PCR—Total RNA was isolated from inguinal

fat tissues after 45 min of irisin injection using TRIzol reagent (Invitrogen, 15596018)

and RNeasy Mini purification kit (Qiagen, 74104) according the manufactures protocol.
Tissues were homogenized in TRIzol reagent using a bead homogenizer for 20 min at

max speed (Qiagen, TissueLyser I1). DNA was digested on column using RNase-Free
DNase Set (Qiagen, 79254). RNA was reversely transcribed using High-Capacity cDNA
Reverse Transcription kit with RNase Inhibitor (Applied Biosystems, 4374966) and gene
expression was determined by quantitative PCR (QuantStudio™ 6 Pro Real-Time PCR
System, 384-well). Briefly, cDNA was mixed with 250-500 nmol primers and GoTaq
gPCR System (Promega, A6002). Relative mRNA levels of the gene of interests were
normalized to mRNA level of Rp/p0. If not stated otherwise, primer sequences were chosen
from PrimerBank’6-79. Used primers and sequences: UCP1: CACCTTCCCGCTGGACACT
and CCCTAGGACACCTTTATACCTAATGG,; Dio2: AATTATGCCTCGGAGAAGACCG
and GGCAGTTGCCTAGTGAAAGGT; Cidea: TGACATTCATGGGATTGCAGAC

and GGCCAGTTGTGATGACTAAGAC; PGCla: CCCTGCCATTGTTAAGACC

and TGCTGCTGTTCCTGTTTTC; ALPL: TCAACACCAATGTAGCCAAGA and
GTAGCTGGCCCTTAAGGATTC; Cox8h: GAACCATGAAGCCAACGACT and
GCGAAGTTCACAGTGGTTCC; Rplp0: GGAGTGACATCGTCTTTAAACCCC and
TCTGCTCCCACAATGAAGCA.

Fixed cell imaging and quantification—~For irisin binding in HEK293T cells, cells
were transfected as described above. The transfected cells were then split into the MatTek
dishes (MatTek Life Sciences P35G-1.5-14-C) (200,000 cells/dish) and incubated overnight
in the medium without phenol red. The next day, the cells were switched into FreeStyle293
expression medium (Life Technologies 12338-018) for 4-5 hrs. For the 1 hr Hsp90a
pretreatment, 2 nM recombinant Hsp90a. was added directly into the medium. The

cells were then switched into prewarmed FreeStyle293 expression medium containing 2

nM A488-irisin for 5 min. After exactly 5min, medium was removed and cells were
immediately fixed with 4% paraformaldehyde (Electron Microscopy Sciences 15710) at
room temperature for 20 min. Cells were then washed with PBS and stained with DAPI
(Calbiochem 268298) without permeabilization for 30 min at room temperature in the dark,
followed by PBS wash. For irisin binding in SK-Mel2 cells, cells were chilled on ice and
then were given control antibody (R&D MABO002) or anti-Hsp90a (Enzo ADI-SPA-830-

F) (1:50 dilution) in cold medium for 1 hr at 4°C. Cells were washed with PBS and

then switched into A647-irisin-containing warm FreeStyle293 medium for irisin binding
following the same procedure described above. For immunostaining of cell surface Hsp90a,,
SK-Mel2 cells were seeded onto the MatTek dishes (400,000 cells/dish). After overnight
incubation, cells were chilled on ice and then were given control antibody (R&D MAB002)
or Hsp90a antibody (Enzo ADI-SPA-830-F) (1:50 dilution) in cold PBS for 1 hr on ice.
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Cells were washed with cold PBS and fixed with 4% paraformaldehyde at room temperature
for 20 min. After PBS wash, cells were incubated with A647-anti-mouse 1gG (Invitrogen
A21235) for 1 hr at room temperature followed by DAPI (Calbiochem 268298) staining

in dark for 30 min. Cells were finally washed into PBS. Cells were imaged in PBS using
Yokogawa spinning disc confocal on an inverted Nikon Ti fluorescence microscope and
Hamamatsu ORCA-R; cooled CCD camera. Images were taken on the middle z-plane of the
cells.

The number of A647-positive cells was quantified in confocal 640 nm channel based on

the mean intensity values of the whole cell area (I, referring to the bright field) and the
nucleus region (I, referring to the DAPI staining). Control dish with only DAPI staining
was used to set up the baseline (Ip). I = (I - 1) /N; N is the total number of the cells
quantified. Cells with their (l; - I,) value above I, were counted as positive. For the Hsp90a
IF experiment, one Region of Interest (ROI) from each one biological replicate (total four
biological repeats) was taken for quantification. For the A647-irisin binding experiment,
three ROIs from three biological replicates were taken for quantification.

Cell viability assay—Crystal violet assay was used for quantification of cell viability.
SK-Mel2 cells were seeded onto 24-well dishes (50,000 cells/well) and incubated overnight.
Indicated amounts of irisin were added directly into the culture and cells were incubated

for 24 hrs. Cells were then washed with PBS and stained with crystal violet solution for 15
min at room temperature followed by thorough washes with milliQ water. The stained cells
were incubated in methanol supplemented with 10% acetic acid for 20 min, and the optical
density at ODs7¢ was measured using the Clariostar plate reader, and final ODsg7q values of
the wells with cells were obtained by subtracting the average ODsg7q of the wells without
cells.

Negative-stain electron microscopy—Hsp90a was diluted to a concentration of

0.02 mg/mL. To improve structural intactness of Hsp90a on the grids, we added 0.1%
glutaraldehyde to the sample and incubated for 30 min on ice. Crosslinked and non-
crosslinked Hsp90a samples were then applied onto glow-discharged continuous carbon
grids (Electron Microscopy Sciences, Inc.), respectively. After 1 min of adsorption, the grids
were blotted with filter paper to remove excess sample, and immediately washed twice with
4 UL of 1.5% uranyl formate solution followed by an incubation with 4 pL of 1.5% uranyl
formate solution for additional 90 s. The grids were then further blotted with filter paper

to remove the uranyl formate solution, air dried at room temperature, and examined with a
Tecnai T12 electron microscope (Thermo Fisher Scientific) equipped with an LaB6 filament
and operated at 120-kV acceleration voltage, using a nominal magnification of 69,000 x at a
pixel size of 1.68 A.

Cryo-EM and Image Processing—Cryo-EM grids of a V5 or aV5/Hsp90a were
prepared using a Vitrobot Mark 1V (Thermo Fisher Scientific). 3 uL aliquots of purified
complex at concentrations between 0.5 and 0.8 mg/mL were applied onto glow-discharged
C-flat holey carbon grids (R1.2/1.3, 400 mesh copper, Electron Microscopy Sciences). The
grids were blotted for 6 s with a blot force of 15 and 100% humidity before being plunged
into liquid ethane cooled by liquid nitrogen.
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Images were acquired on a Titan Krios microscope equipped with a BioQuantum K3
Imaging Filter (slit width 25 eV) and a K3 direct electron detector (Gatan) and operating

at an acceleration voltage of 200 kV. Images were recorded at a defocus range of =1.8 um
to —2.5 pm with a nominal magnification of 36,000 x, resulting in a pixel size of 1.1 A,
Each image was dose-fractionated into 50 movie frames with a total exposure time of 4.5 s,
resulting in a total dose of ~58.4 electrons per A2. SerialEM was used for data collection®.

Images were processed using cryoSPARC8L, For method 1, using template-free blob picker
in cryoSPARC, 294,676 particles of a V5 were picked from 1,100 motion-corrected
micrographs and extracted from the micrographs to run 2D classification. 148,637 particles
were retained following 2D classification after selecting classes with well-resolved features.
367,732 particles of aVp5/Hsp90a were picked from 1,171 motion-corrected micrographs
and 193,293 particles were retained following 2D classification after selecting classes. Then,
for both selected particles of aVB5 and aVVp5/Hsp90a, we randomly split them at the

same number of 140,000. For each dataset with 140,000 particles, we performed a 2D
classification with 100 classes, respectively. Based on the 2D classes, we analyzed and
calculated the “open”, “likely open”, “extended closed” and “closed” states of particles. For
method 2, 6 2D classes generated from a V5 using blob picking, which contained “open”,
“extended closed” and “closed” states, were used as templates to pick particles from both

a V5 and aVB5/Hsp90a micrographs. After selecting classes from 2D classification, total
number of 314,469 a V5 particles and 313,849 aVV5/Hsp90a particles were analyzed

into “open”, “likely open”, “extended closed” and “closed” states, respectively. Method 3
followed a similar scheme to that described above for method 2, but the templates were
generated from aVVp5/Hsp90a using blob picking. 330,301 particles of a V5 and 324,872
particles of aVVB5/Hsp90a were analyzed into “open”, “likely open”, “extended closed” and
“closed” states, respectively.

Size-exclusion chromatography and multiangle light scattering (SEC-MALS)
—Absolute molecular weights of irisin-mam and its conjugated glycan were determined
using MALS coupled in-line with size-exclusion chromatography. 100 pg albumin (Thermo
Scientific 23209) or irisin-mam was loaded onto Superdex 200 column equilibrated in 10
mM Hepes pH7.4, 150 mM NaCl. Light scattering from the column eluent was recorded at
16 different angles using a DAWN-HELEOS MALS detector (Wyatt Technology Corp.)
operating at 658 nm. The detectors at different angles were calibrated using albumin
(Thermo Scientific 23209). Protein concentration of the eluent was determined using an
in-line Optilab DSP Interferometic Refractometer (Wyatt Technology Corp.). The weight-
averaged molecular weight of species within defined chromatographic peaks was calculated
using the ASTRAY software (Wyatt Technology Corp.), by construction of Debye plots
(KC/ROversus sin?[6/2]) at 1° data intervals. The weight-averaged molecular weight was
then calculated at each point of the chromatographic trace from the Debye plot intercept
and an overall average molecular weight was calculated by averaging across the peak.

Two concentration detectors (Rl and UV) were used simultaneously during the MALS data
collection and Protein Conjugate Analysis82:83 was applied to SEC-MALS data using glycan
dn/dc value of 0.145 mg/L.
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Hydrogen/Deuterium exchange (HDX) mass spectrometry—In addition to the
following descriptions, comprehensive experimental details and parameters are provided
in Data S1 in the recommended®® tabular format. All HDX-MS data have been deposited
to the ProteomeX change Consortium via the PRIDES8 partner repository with the dataset
identifier PXD035397.

Deuterium labeling: for integrin protection, 20 uM irisin-His (from mammalian cells) was
mixed with 4 UM aVVB5 ectodomain protein in Mn-buffer (10 mM Hepes pH7.4, 150 mM
NaCl, 1 mM MnCl, H,0); for irisin protection, 20 uM aVB5 ectodomain protein was
mixed with 4 pM irisin-His (from mammalian cells) in Mn-buffer. 20 uM irisin alone or

a V5 alone were used as the “Apo” conditions. Deuterium labeling was initiated with an
18-fold dilution into D,O buffer (18 uL, 10 mM Hepes pD 7.43, 150 mM NaCl, 1 mM
MnCl,, 99.9% D,0) at 23 °C. After each labeling time (10 seconds, 10 minutes, and 4
hours) at 23 °C, the labeling reaction was quenched with the addition of 19 uL of ice-cold
quenching buffer (200 mM potassium phosphate, pH 2.44, 4 M guanidinium chloride, 0.72
M TCEP, H,0) and held on ice for 1 minute prior to LC/MS analysis.

LC/MS: Deuterated and control samples were digested online at 15 °C using an in-house-
packed pepsin column. The cooling chamber of the UPLC system, which housed all the
chromatographic elements, was held at 0.0 = 0.1 °C for the entire time of the measurements.
Peptides were trapped and desalted on a VanGuard Pre-Column trap [2.1 mm x 5 mm,
ACQUITY UPLC BEH C18, 1.7 pm (Waters, 186002346)] for 3 minutes at 100 pL/min,
eluted from the trap using a 5%-35% gradient of acetonitrile over 10 minutes at a flow

rate of 100 pL/min, and separated using an ACQUITY UPLC HSS T3, 1.8 pm, 1.0 mm x
50 mm column (Waters, 186003535). Mass spectra were acquired using a Waters Synapt
G2-Si HDMSE mass spectrometer in ion mobility mode. A conventional electrospray source
was used, and the instrument was scanned over the range 50 to 2000 m/z. The error of
determining the deuterium levels was + 0.25 Da in this experimental setup. Deuterium levels
were not corrected for back exchange and thus reported as relative 84.

HDX-MS data processing.: Peptides were identified from replicate HDMSE analyses

(as detailed in the Data S1) of undeuterated control samples using PLGS 3.0.1 (Waters
Corporation). The peptides identified in PLGS were filtered and processed with DynamX
3.0 software (Waters Corporation). All spectra were inspected manually. The relative amount
of deuterium in each peptide was determined with the software by subtracting the centroid
mass of the undeuterated form of each peptide from the deuterated form, at each time point,
for each condition. These deuterium uptake values were used to generate all uptake graphs
and difference maps.

Modeling and molecular dynamics simulations—The best ranked AlphaFold model
of the integrin a V5 heterodimer and the crystal structure of the irisin protein (PDB

4L.SD) were subjected to individual molecular dynamics runs. Each protein was prepared
using CHARMM-GUI’s Solution Builder for the integrin aVB5 model, as an initial step,
Mn2* ions were added to the model based on their approximate positions taken from the
integrin a VB3 crystal structure (PDB 1M1X). Adequate protonation was assigned using
the ProteinPrepare web server, at a pH of 7.4. The protein was placed in a rectangular
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TIP3P waterbox and neutralized, with an additional 150 mM NaCl added in order to
properly replicate cellular conditions. The prepared system was minimized and equilibrated
for 1ns (NVT ensemble) and further subjected to a 360 ns production run (NPT ensemble,
298.15K). From the resulting trajectory, 35 snapshots were extracted at equal intervals,
using VMD. In the case of irisin (PDB 4LSD), we first removed all crystallographic water
molecules and only kept chain A from the initial structure. The resulting structure was
prepared using a similar protocol to integrin a V@5, with a production run of 500 ns.

The first 150 ns of the production run trajectory were discarded and then 35 snapshots
were extracted at equal intervals from the remaining 350 ns. All MD simulations and
further clustering were conducted using the AMBER 2018 with the FF14SB forcefield and
AmberTools.

Chain B: Irisin amino acid sequence used for the modeling:

MSPSAPVNVTVRHLKANSAVVSWDVLEDEVVIGFAISQQKKDVRMLRFIQEVNTTT
RSCALWDLEEDTEYIVHVQAISIQGQSPASEPVLFKTPREAE

Chain A: Integrin a V5 amino acid sequence used for the modeling (B5 is in Jtalic):

MAFPPRRRLRLGPRGLPLLLSGLLLPLCRAFNLDVDSPAEYSGPEGSYFGFAVDFFVP
SASSRMFLLVGAPKANTTQPGIVEGGQVLKCDWSSTRRCQPIEFDATGNRDYAKDDP
LEFKSHQWFGASVRSKQDKILACAPLYHWRTEMKQEREPVGTCFLQDGTKTVEYAP
CRSQDIDADGQGFCQGGFSIDFTKADRVLLGGPGSFYWQGQLISDQVAEIVSKYDPN
VYSIKYNNQLATRTAQAIFDDSYLGYSVAVGDFNGDGIDDFVSGVPRAARTLGMVYI
YDGKNMSSLYNFTGEQMAAYFGFSVAATDINGDDYADVFIGAPLFMDRGSDGKLQE
VGQVSVSLQRASGDFQTTKLNGFEVFARFGSAIAPLGDLDQDGFNDIAIAAPYGGED
KKGIVYIFNGRSTGLNAVPSQILEGQWAARSMPPSFGYSMKGATDIDKNGYPDLIVG
AFGVDRAILYRARPVITVNAGLEVYPSILNQDNKTCSLPGTALKVSCFNVRFCLKAD
GKGVLPRKLNFQVELLLDKLKQKGAIRRALFLYSRSPSHSKNMTISRGGLMQCEELI
AYLRDESEFRDKLTPITIFMEYRLDYRTAADTTGLQPILNQFTPANISRQAHILLDCGE
DNVCKPKLEVSVDSDQKKIYIGDDNPLTLIVKAQNQGEGAYEAELIVSIPLQADFIGV
VRNNEALARLSCAFKTENQTRQVVCDLGNPMKAGTQLLAGLRFSVHQQSEMDTSV
KFDLQIQSSNLFDKVSPVVSHKVDLAV SPASSFHVLRSLPLSSKGSGSAGWDVIQMTP
QEIAVNLRPGDKTTFQLQVRQVEDYPVDLYYLMDLSLSMKDDLDNIRSLGTKLAEE
MRKLTSNFRLGFGSFVDKDISPFSYTAPRYQTNPCIGYKLFPNCVPSFGFRHLLPLTDR
VDSFNEEVRKQRVSRNRDAPEGGFDAVL QAAVCKEKIGWRKDALHLLVFTTDDVPH
IALDGKLGGLVQPHDGQCHLNEANEYTASNQMDYPSLALLGEKLAENNINLIFAVTK
NHYMLYKNFTALIPGTTVEILDGDSKNIIQLIINAYNSIRSKVELSVWDQPEDLNLFFT
ATCQDGVSYPGQRKCEGLKIGDTASFEVSLEARSCPSRHTEHVFALRPVGFRDSLEV
GVTYNCTC

Docking—The resulting snapshots (35 for each protein) were further prepared using
PDBTools in order to generate proper ensembles and submitted for docking to the
HADDOCK web server. Docking was performed on the 2 resulting ensembles using

the default parameters provided by the Guru interface: in the case of integrin a V5,
active residues were defined based on the provided HDX-MS data. Passive residues were
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selected automatically by HADDOCK, based on the proximity to active residues (see more
information in Data S2). In the case of irisin, all residues in the structure were defined as
active.

Final MD refinement stage—The best docking pose from the top ranked cluster (pose
1, cluster 2) was further subjected to a short MD simulation for an additional 100 ns to
further optimize the aVB5-irisin interaction. The resulting trajectory was clustered using
AmberTools with the k-means clustering algorithm. The structures from the most populated
clusters were visually inspected to select the final model of the aVVB5-irisin interaction.

Quantification and Statistical analysis—All data are represented as mean + s.e.m.
with at least 3 independent experiments. Fluorescence anisotropy binding curves were

fit using KaleidaGraph 3.51. Statistical analysis was performed using GraphPad Prism 7.
Differences between 2 means and among multiple means were assessed by unpaired two-
tailed student ¢test and ANOVA, respectively. Assessments with A< 0.05 were considered
significant. For proteomic data, Statistical analysis was performed using Perseus®. Total
quantified proteins were filtered to remove unreviewed TrREMBL sequences and proteins
quantified using a single peptide. Significant changes were determined using a permutation-
based FDR with the following settings — FDR — 0.05, SO — 0.1, and number of
randomizations — 250.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: eHsp90a is required for irisin binding to integrin a V5.

(A) Schematic of the construct for recombinant human a V5 ectodomain protein production
from mammalian cells. The domain boundaries are as follows: aV, 32-991; p5, 24-717.
(B) and (D) Biolayerinferometry (BLI) measurement of binding of irisin to a V5. Purified
irisin-His at the indicated concentration was infused over a sensor chip with immobilized
clasped a V5 in the presence of 1 mM MgCl, and 1 mM CaCls. (C) Silver-stained
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) of affinity-purified a5 fractions
7-20 collected following ion exchange. (E) A protein-elution profile of the indicated
protein complexes from Superdex 200 increase 30/100 GL (optical density (OD)2gp).

(F) Coomassie-stained SDS-PAGE and western blot with the indicated antibodies of the
deglycosylated recombinant human Hsp90a and peak fractions from (E). (G) Fluorescence
anisotropy measurement of binding of a V5 and the aVVp5/Hsp90a complex to 50 nM
AA488-irisin-His in the presence of 1 mM MgCl, and 1 mM CaCls. (H) Fluorescence
anisotropy competition assay for the aVVp5/Hsp90a complex binding by irisin: 50 nM
A488-irisin-His and 125 nM a V5 were mixed with varying concentrations of unlabeled
irisin or irisin-His, and anisotropy was recorded. Probe alone: 50 nM A488-irisin-His.
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Figure 2: eHsp90alevel is increased with exercise in muscle extracellular fluid and in plasma.
(A) Schematic of acute exercise and IF isolation procedure and processing. (B) Anti-

Hsp90awestern blot showing Hsp90a. protein levels in IF samples taken from the mouse
without acute exercise (basal), or from the mice rested for the indicated amounts of time
after acute exercise. 10 pg of total IF protein was loaded for each sample as shown

by Ponceau staining. (C) Anti-Hsp90a western blot showing Hsp90a protein levels in
gastrocnemius muscle samples taken from the mouse without acute exercise (basal), or

from the mice rested for the indicated amounts of time after acute exercise. 10 pg of

total muscle protein was loaded for each sample as shown by Ponceau staining. (D) Anti-
Hsp90awestern blot showing Hsp90a. protein levels in plasma samples taken from the same
group of mice from (C). 10 pg of total plasma protein was loaded for each sample as shown
by Ponceau staining. (E) Anti-Hsp90a and anti-HspA14 (control) western blot showing
Hsp90a and HspA14 protein levels in plasma samples taken from five mice pre-exercise and
post-exercise (1 hr). 10 ug of total plasma protein was loaded for each sample as shown by
Ponceau staining. (F) Quantitative mass spectrometry showing the fold of changes of the
indicated chaperone proteins identified in the IF samples from the exercised mice (1 hr post
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acute exercise) compared to the sedentary group (significant if FDR g-value < 0.05).g-values
of the significantly upregulated genes are indicated in the bar graph.
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Figure 3: eHsp90a is required for optimal cellular actions of irisin.
(A) Fluorescence confocal images showing A488-irisin binding in HEK293T cells.

HEK293T cells were either transiently transfected with control vector or full-length aVV
and B5 plasmids. 2 nM Hsp90a was used for 1 hr pretreatment, and 2 nM A488-irisin-His
was subsequently used for 5 min treatment. Scale bar: 20 um. (B) Anti-phosphorylated
FAK (Y397) and anti-FAK western blots showing the levels of integrin signaling upon
irisin and/or Hsp90a. treatments. HEK293T cells were transfected and treated in the same
way as (A), except for the addition of the shown amounts of unlabeled irisin-His (0.1 nM
or 1 nM) and Hsp90a (1 nM). Anti-aV and anti-p5 antibodies were used to probe the
levels of the ectopically expressed aV and p5. (C) Immunofluorescence confocal images
showing cell surface Hsp90a in SK-Mel2 cells. Live cells were treated with either control
1gG or anti-Hsp90a at 4°C. Scale bar: 50 um. (D) Quantification of the percentage of
SK-Mel2 cells expressing cell surface Hsp90a in (C) (significant if p-value < 0.05 by
unpaired t-test). (E) Fluorescence confocal images showing A647-irisin binding in SK-Mel2
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cells. Live cells were pretreated with either control 1gG or anti-Hsp90a at 4°C for 1 hr
followed by 2 nM A647-irisin-His treatment at room temperature for 5 min. Scale bar:

50 um. (F) Quantification of the percentage of A647-positive cells in (E) (significant if
p-value < 0.05 by unpaired t-test). (G) Co-immunoprecipitation assay of endogenous cell
surface aV and 5 using SK-Mel2 cells. Endogenous cell surface Hsp90a was captured by
anti-Hsp90a in live cells at 4°C. (H) Crystal violet assay showing does-dependent inhibition
of the cell viability of SK-Mel2 upon irisin treatment. Grey bar: control treatment with PBS.
Concentrations of irisin-His used for the treatments were indicated (one-way ANOVA).

() Crystal violet assay showing the inhibition of irisin-mediated effect in SK-Mel2 cells

by anti-Hsp90a or control antibody. Grey bar: control treatment with PBS. 50 ng/mL of
irisin-His was used (one-way ANOVA). (J) Western blot of mouse inguinal fat tissue lysates
using the indicated antibodies to probe integrin signaling. Mice were given anti-Hsp90a
antibody or control 1gG (500 pg/kg) subcutaneously 24 hrs before a bolus injection of
recombinant irisin (5 mg/kg) directly into the inguinal fat pads. The mice were sacrificed
and inguinal fat tissues were harvested 20 min after irisin injection.
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Figure 4: Hsp90a activates a V5 for irisin binding.
(A) Flow charts of the steps used in three different methods for analyzing aVp5-Apo

and aVVB5/Hsp90a cryo-EM samples. (B) 2D classes (generated by method 1) of a V5
particles in each of the three conformational states and the numbers (quantified by all three
methods) of particles in each state. (C) Quantification of the percentage of distinguished

Mol Cell. Author manuscript; available in PMC 2024 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Actal.

Page 48

particles (“likely open” particles were not included) in each of the three conformational
states. (D) Fluorescence anisotropy assay for A488-irisin binding by a V@5, the aVp5/
Hsp90a complex in the presence of 1 mM MgCl, and 1 mM CaCls, or a V5 in the
presence of 1 mM MnCl,. 50 nM A488-irisin-His was used in the assay. (E) Cartoon
diagram showing a two-step process of the irisin action through a V5. Irisin alone has low
affinity for the closed-state a V5. Hsp90a, Mn2* ion, or other possible factors, “opens”

a V5, allowing for high-affinity irisin binding and effective signaling transduction through
its integrin receptor. (F) and (G) TALON pull-downs performed using 1 M bead-bound
clasped and tagged a V5. These were mixed with 2 pM untagged Hsp90a without bound
nucleotide (Hsp90a.-Apo) or Hsp90a charged with the indicated nucleotides (F), or Hsp90a.
nonhydrolyzing mutant (G95D) (G), and bound samples were analyzed by Coomassie
staining and anti-Hsp90a western blot.
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Figure 5: Biophysical characterization of the irisin/aVp5 complex suggests an unconventional
ligand-integrin interaction.

(A) MicroScale Thermophoresis (MST) measurement of the binding stoichiometry between
A488-irisin-His and a V5 in the presence of 1 mM MnCl,. MST responses were recorded
at varying irisin: a V5 ratios with the total molar concentration of irisin plus a Vg5 constant
(10 uM). (B) Size-exclusion chromatography and multiangle light scattering (SEC-MALYS)
determination of the absolute protein and glycan molecular mass of irisin-mam. 100 ug
irisin-His was used in the assay. LS: light scattering; Total: total molecular mass of
glycosylated irisin; Protein: molecular mass of the irisin protein; Glycan: molecular mass

of the glycan. (C) Hydrogen/Deuterium exchange mass spectrometry (HDX-MS) mapping
of the protected sites on a V@5 in the irisin/a V5 complex. The measured relative deuterium
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level of peptides in aVB5-Apo at each deuteration time point was subtracted from the
deuterium level of the corresponding peptide in the irisin/a V5 complex (Depix - Dapo),
and the differences were colored according to the scale shown at the bottom. Peptides are
shown from N- to C-terminus top to bottom, referring to the domain architecture on the
left. The amount of time in deuterium is shown at the bottom. All deuterium uptake values
used to generate these difference maps can be found in the Data S1. (D) Regions of aVp5
protected from HDX in the irisin/a V5 complex (orange) on a V5 space filling structural
model based on (C). a V5 structural model was generated from aVVB3 (PDB 1M1X) with
5 predicted by AlphaFold. oV subunit is in grey, and B5 subunit is in wheat.
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Figure 6: Docking model of the irisin/aVB5 complex.
(A) Schematic of the irisin/aVp5 complex modeling. Experimental results (red) were

incorporated into the procedure in the indicated steps. (B) Space filling structural model

of the irisin/aVVB5 complex. aV subunit is in beige, B5 subunit is in grey, and irisin is in
magenta. The N- and C-terminus of irisin are highlighted in yellow and green, respectively.
(C) Space filling structural model of the irisin/FN10/aVB5 complex. aV subunit is in
beige, B5 subunit is in grey, irisin is in magenta, and FN10 is in yellow. FN10-a V3
complex structure (PDB 4MMX) was used for fibronectin alignment to dock FN10 onto
aVp5. (D) Electrostatic potential surfaces of irisin (top) and aVp5 (bottom). The surface
charge distribution is displayed as blue for basic/positive, red for acidic/negative, and white
for neutral. One acidic amino acid-rich region (A) and one basic amino acid-rich region
(B) were shown on both irisin and a V5 at the interface. (E) Irisin-a V5 interactions in
the irisin/a V5 complex model. Electrostatic interactions are in dashed lines between the
atoms involved. The hydrophobic interactions are represented by arcs with spokes radiating
towards the ligand atoms they contact, and the contacted atoms are shown with spokes
radiating back.
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Figure 7: Validation of the irisin/aVB5 complex model.
(A) Fluorescence anisotropy assay for A488-FN10 binding by a V5 in the presence of

1 mM MnCl,. 50 nM A488-FN10 was used in the assay. (B) Fluorescence anisotropy
competition assay for the a V@5 binding by irisin or FN10: 50 nM A488-FN10 and 500

nM aVB5 were mixed with varying concentrations of unlabeled irisin-His or FN10, and
anisotropy was recorded. Probe alone: 50 nM A488-FN10. (C) Fluorescence resonance
energy transfer (FRET) assay using 50 nM A488-FN10 and 50 nM unlabeled or A555
labeled irisin-His in the presence or absence of 500 nM a V5. FRET efficiency was
calculated as the ratio of Fgg5/(F4gg+Fss5) Where Fsss is the acceptor emission and Fygg

is the donor emission (one-way ANOVA). (D) Fluorescence anisotropy assay for A488-
irisin-bac binding by a5 in the presence of 1 mM MnCl,. (E) Fluorescence anisotropy
competition assay for the a V@5 binding by irisin-mam or irisin-bac: 50 nM A488-irisin-bac
and 1000 nM a5 were mixed with varying concentrations of unlabeled irisin-mam
(irisin-His) or irisin-bac, and anisotropy was recorded. Probe alone: 50 nM A488-irisin-bac.
(F) Fluorescence anisotropy competition assay for the a\VB5 binding by irisin-WT or irisin-
R75E: 50 nM A488-irisin-WT and 1000 nM a V5 were mixed with varying concentrations
of unlabeled irisin-WT or irisin-R75E, and anisotropy was recorded. Probe alone: 50 nM
A488-irisin-WT. (G) Fluorescence anisotropy assay for A488-irisin binding by aVp5 WT
and indicated mutants (mutated residues are indicated in the space-filling model on the left)
in the presence of 1 mM MnCls.
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REAGENT or RESOURCE

Antibodies

Goat Polyclonal Anti-Mouse IgG (H+L) HRP Conjugate

Goat Polyclonal Anti-Rabbit 1gG (H+L) HRP Conjugate

Rabbit Polyclonal Anti-phospho-FAK (Tyr397)

Rabbit Polyclonal Anti-FAK

Rabbit Monoclonal Anti-phospho-CREB (Ser133) (87G3)

Mouse Monoclonal Anti-CREB (86B10)

Rabbit Monoclonal Anti-Integrin aV (D2N5H)

Mouse IgG1 Isotype Control (Clone 11711)

Mouse Monoclonal Anti-Hsp90 (AC88)

Rabbit Polyclonal Anti-Hsp90a

Rabbit Monoclonal Anti- Integrin 5

Rabbit Polycloal Anti-6xHis tag

Rabbit Polyclonal Anti-Src

Rabbit Monoclonal Anti-phospho-Src (Tyr416) (D49G4)

Goat Anti-Mouse 1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 647

Bacterial and virus strains

T7-Express Competent £. coli

Biological samples

Chemicals, peptides, and recombinant proteins

10 His-tag irisin

Expi293F™ Expression Medium

Polyethylenumine, Linear, MW 25000
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DMEM media w/L-Glutamine, 4.5g/L glucose w/o Sodium pyruvate

RIPA buffer

FreeStyle293 Expression medium

TRIzol

Complete, Mini, EDTA-free (Protease Inhibitor)

PhosSTOP

Pierce™ Universal Nuclease for Cell Lysis

Lipofectamine™ 2000 Transfection Reagent

RNase Inhibitor

TMTpro 16plex Label Reagent Set

16% Paraformaldehyde

DAPI

Carbon Film 200 Mesh, Cu, 50/bx

C-flat™ Holey Carbon Grids

Critical commercial assays

R&D Systems Proteome Purify 2 Mouse Serum Protein Immunodepletion Resin

FX cloning system kit

ExpiFectamine™ 293 Transfection Kit

Ni Sepharose excel histidine-tagged protein purification resin

Mono Q™ 10/100 GL

HisPur™ Ni-NTA Superflow Agarose

Pierce™ Glutathione Agarose

Superdex 200 10/300 GL

Strep-Tactin Superflow High Capacity Resin

TALON Metal Affinity Resin

ToxinSensor™ Chromogenic LAL Endotoxin Assay Kit

ToxinEraser™ Endotoxin Removal Kit

Streptacidin Biosensors
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Protein Deglycosylation Mix |1

cDNA Reverse-ATranscription Kit

Pierce™ Protein A Agarose

Standard Treated Capillaries

Pierce™ Detergent Compatible Bradford Assay Kit

RNeasy Mini Kit

RNase-Free DNase Set

GoTag® gPCR and RT-gPCR Systems

Deposited data

HDX-MS dataset (related to Figure 5C and 5D)

Silver stained gel band mass spectrometry dataset

Unprocessed images

Experimental models: Cell lines

HEK293T

SK-Mel-2,

Expi293F

Experimental models: Organisms/strains

Mouse: C57BL/6J

Oligonucleotides

gPCR primer: UCP1 Forward: CACCTTCCCGCTGGACACT

gPCR primer: UCP1 Reverse: CCCTAGGACACCTTTATACCTAATGG

gPCR primer: Dio2 Forward: AATTATGCCTCGGAGAAGACCG

gPCR primer: Dio2 Reverse: T GGCAGTTGCCTAGTGAAAGGT

gPCR primer: Cidea Forward: TGACATTCATGGGATTGCAGAC

gPCR primer: Cidea Reverse: GGCCAGTTGTGATGACTAAGAC

gPCR primer: pGCla Forward: CCCTGCCATTGTTAAGACC

gPCR primer: pGClaReverse: TGCTGCTGTTCCTGTTTTC

gPCR primer: ALPL Forward: TCAACACCAATGTAGCCAAGA
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gPCR primer: ALPL Reverse: GTAGCTGGCCCTTAAGGATTC

gPCR primer: Cox8b Forward: GAACCATGAAGCCAACGACT

gPCR primer: Cox8b Reverse: GCGAAGTTCACAGTGGTTCC

gPCR primer: RIpl0 Forward: GGAGTGACATCGTCTTTAAACCCC

gPCR primer: RIpl0 Reverse: TCTGCTCCCACAATGAAGCA

g-Block dsDNA: Integrin aV (2627-2865bp)-Cyslinker-Acidic CC-2xstrep: ttgtctgccaagttgggagattagacagaggaaagagtgcaatcttgtacgtaaagtcattactgtggactgagacttttatgaataaagaaaatcs

g-Block dsDNA: Integrin 5 (1850-2151bp)-Cyslinker-basic CC-8xHis-EcoR1:
AGCCGGGGGCCTTTGGGGAGATGTGTGAGAAGTGCCCCACCTGCCCGGATGCATGCAGCACCAAGAGAGATTGCGTCGAGTGCCCGCTGCTCCACTCTGGGAAA

Primer: Cloning Integrin aV Forward: TTTTGGATCCGCCACCatggctt ttcc

Primer: Cloning Integrin 85 Forward: TTTTGGATCCGCCACCATG CCGCGTG

Primer: Cloning Integrin aV and Integrin p5 Reverse: ATTGGATTGGAAGTACAGGTTC

Primer: FX Cloning of Hsp90a Forward: atatatGCTCTTCtAGTcctgaggaaacccagacccaagaccaa

Primer: FX Cloning of Hsp90a Reverse: tatataGCTCTTCaTGCgtctacttcttccatgcgtgatgtgtc

Primer: FX Cloning of Hsp70 Forward: atatatGCTCTTCtAGTgcTaaagcTgcggegatcggceatcgac

Primer: FX Cloning of Hsp70 Reverse: tatataGCTCTTCaTGCatctacctcctcaatggtggggectga

g-Block dsDNA: Fibronectin 101" FN111 domain: ATATATGCTCTTCTAGTACTGTATCAGACGTGCCACGTGACTTAGAAGTCGTAGCAGCAACACCGACAAGTCTTTTG

Primer: Site-directed Mutagenesis of Integrin p5 R218E mutant Forward: CCTCCTTTGGGTTCGAACATCTGCTGCCTCTCAC

Primer: Site-directed Mutagenesis of Integrin p5 R218E mutant Reverse: GTGAGAGGCAGCAGATGTTCGAACCCAAAGGAGG

Primer: Site-directed Mutagenesis of Integrin p5 E304R mutant Forward: GTGCCACCTGAACAGGGCCAACGAGTACACTG

Primer: Site-directed Mutagenesis of Integrin B5 E304R mutant Reverse: CAGTGTACTCGTTGGCCCTGTTCAGGTGGCAC

Primer: Site-directed Mutagenesis of Hsp90a G95D mutant Forward: GTGGATACTGGAATTGATATGACCAAGGCTGACTTG

Primer: Site-directed Mutagenesis of Hsp90a G95D mutant Reverse: CAAGTCAGCCTTGGTCATATCAATTCCAGTATCCAC

Recombinant DNA

CDNA ITGAV

cDNA ITGB5

cDNA HSP90AAL

cDNA HSPA1A

cDNA lrisin for Bacterial Expression

cDNA Irisin R75E for Bacterial Expression

Software and algorithms

ImageJ software

GraphPad Prism 9

KaleidaGraph Prism 4.5
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Biorender

cryoSPARC

ASTRAT7

PLGS3.0.1

DynamX 3.0

Solution Builder

PDB-Tools

HADDOCK Web Server

Other

20 um Nylon Mesh for EF Isolation

35 mm Dish | No. 1.5 Coverslip | 14 mm Glass Diameter | Uncoated
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https://www.charmm-gui.org/
https://www.charmm-gui.org/
https://www.charmm-gui.org/
https://wenmr.science.uu.nl/pdbtools/
https://wenmr.science.uu.nl/pdbtools/
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