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Adiponectin is a highly abundant protein hormone secreted
by adipose tissue. It elicits diverse biological responses, includ-
ing anti-diabetic, anti-inflammatory, anti-tumor, and anti-ath-
erosclerotic effects. Adiponectin consists of a globular domain
and a collagen-like domain, and it occurs in three major oligo-
meric forms that self-assemble: trimers, hexamers, and high-
molecular-weight oligomers. Adiponectin has been reported to
bind to two seven-transmembrane domain receptors, AdipoR1
and AdipoR2, as well as to the protein T-cadherin, which is
highly expressed in the cardiovascular system and binds only the
high-molecular-weight form of adiponectin. The molecular
mechanisms underlying this specificity remain unclear. Here we
used a combination of X-ray crystallography and protein engi-
neering to define the details of adiponectin’s interaction with
T-cadherin. We found that T-cadherin binds to the globular
domain of adiponectin, relying on structural stabilization of this
domain by bound metal ions. Moreover, we show that the adi-
ponectin globular domain can be engineered to enhance its
binding affinity for T-cadherin. These results help to define the
molecular basis for the interaction between adiponectin and
T-cadherin, and our engineered globular domain variants may
be useful tools for further investigating adiponectin’s functions.

Adiponectin is the most abundant adipokine produced
exclusively by adipocytes, and it accounts for 0.01% of total
plasma proteins, with a serum concentration ranging from
5–30 �g/ml (1). Mature adiponectin is composed of two major
domains: an N-terminal collagen-like domain and a C-terminal
globular domain (2). It is structurally related to the members of
the complement factor C1q family (3, 4). Adiponectin is exten-
sively posttranslationally modified, with modifications includ-
ing hydroxylation at conserved proline and lysine residues on
the collagen-like domain (4 –7), glycosylation on hydroxylated

lysine residues (5), and O-glycosylation on threonine residues
(8). All of these modifications are important for subsequent
multimerization of adiponectin to form trimers, hexamers, and
high-molecular-weight (HMW)4 oligomers (1, 4, 9 –11). No
monomeric form of adiponectin has been found under native
conditions, and the fundamental building block of the circulat-
ing hormone is the trimeric form, which is stabilized by exten-
sive hydrophobic interactions within the globular domains as
well as in the triple helix of the collagen-like domain (9). A
cysteine residue in position 36 near the N terminus of human
adiponectin allows formation of intermolecular disulfide
bonds, mediating the association of two trimers to form hex-
amers. What drives the assembly to high-molecular-weight
species is less clear but likely also involves posttranslational
modifications and disulfide formation via Cys-36 (7, 12).

Multimerization of adiponectin has been shown to be impor-
tant for its biological function (13, 14). The HMW form of adi-
ponectin has the most pronounced role in improving insulin
sensitivity and protecting against diabetes (9, 15, 16), and
impaired multimerization is associated with different meta-
bolic diseases, including obesity, type 2 diabetes, insulin resis-
tance, and arteriosclerosis (1, 17–19).

The biological functions of adiponectin are thought to be
carried out by at least three receptors: AdipoR1, AdipoR2, and
T-cadherin. The first two are members of a class of seven-trans-
membrane domain receptors called the progesterone and Adi-
poQ receptor superfamily (20) and are structurally and func-
tionally unrelated to G protein– coupled receptors (21). Their
expression and therefore their biological activity vary among
different tissues, with AdipoR1 being mostly expressed in skel-
etal muscle, heart, kidney, and liver, whereas AdipoR2 is
expressed almost exclusively in the liver (22, 23).

The third receptor, T-cadherin, is a glycosyl phos-
phatidylinositol–anchored protein that lacks transmembrane
and cytoplasmic regions (24). Hug et al. (25) identified T-cad-
herin as the receptor for hexameric and HMW adiponectin but
not for the trimeric or globular form. T-cadherin is composed
of a propeptide and five extracellular cadherin domains. T-cad-
herin is highly expressed in the cardiovascular system, in par-
ticular in smooth muscle cells and pericytes and on endothelial
cells in all types of blood vessels (26), where it interacts with
adiponectin; T-cadherin knockout mice show an increase in
circulating adiponectin and reduced adiponectin bound to
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endothelial cells in vascular tissues (27–30). Recently, it has
been shown that the prodomain of T-cadherin, together with
its extracellular domains 1 and 2, is essential and sufficient for
binding of adiponectin (31). More recently, native adiponectin
from serum has been shown to bind to T-cadherin–expressing
cells but, surprisingly, not to cells expressing AdipoRs (32).
Despite its increasingly clear importance, the molecular
details of T-cadherin’s interactions with adiponectin are
largely unknown and have received relatively less attention
than proposed interactions with AdipoR1 and AdipoR2.
Here we investigate adiponectin–T-cadherin interactions
using a combination of biochemical approaches and protein
engineering.

Results

Structural characterization of full-length adiponectin

We initially sought to characterize the oligomerization states
of adiponectin purified by size exclusion chromatography from
HEK293 cells stably expressing FLAG-tagged adiponectin. The
protein eluted in three peaks with differing size exclusion reten-
tion volumes and electrophoretic mobilities, consistent with
18-mer, hexamer, and trimer forms of the protein (Fig. 1, A and
B). Negative-stain EM of each peak confirmed this assignment
(Fig. 1C and Fig. S1). As reported previously (33), we found that
the HMW 18-mer exists as a dynamic bundle resembling either
a flower bouquet or fan in negative-stain EM, with the N termi-
nus of the collagen-like domain held together at one end and

the trimers of the globular domain interacting with each other.
The adiponectin hexamer is also held together by the collagen-
like domain but shows multiple conformations because of the
presence or absence of interactions between the two globular
domain trimers.

Structural metal ions in adiponectin are important for T-
cadherin binding

Full-length adiponectin is a large and heavily posttransla-
tionally modified protein, features that do not favor crystalliza-
tion; we thus decided to first focus our attention on the globular
domain, which lacks these modifications. This domain could be
readily expressed and purified from Escherichia coli. Crystalli-
zation was straightforward, and a 1.0 Å–resolution structure
was obtained (Table S1). Our structure is similar overall to a
previously reported structure of a single-chain adiponectin var-
iant in which three globular domains are expressed as a single
polypeptide (34). In our structure, each of the three protomers
is a separate polypeptide, eliminating flexible linkers between
protomers and potentially accounting for the superior crystal-
lographic resolution. The asymmetric unit in our structure con-
tains three copies of each globular domain, with the N and C
termini located near one another at the base of the trimer (Fig.
2A). The overall structure of the adiponectin globular domain
shows a tightly associated trimer, where each monomer is com-
posed of eight �-sheets interconnected by well-ordered loops.
The electron density is excellent throughout the molecule and

Figure 1. Oligomerization states of full-length adiponectin. A, size exclusion chromatography of full-length adiponectin shows three peaks at three
different retention volumes. B, the three peaks from the size exclusion chromatography were run on nonreducing SDS-PAGE and stained with Coomassie dye.
C, two-dimensional negative-stain EM class averages show the adiponectin oligomerization state of each peak from size exclusion chromatography. Each
image has the same scale, but different circular masks were used for classification according to the size of the particle. Scale bar � 20 nm.
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clearly defines the structure of the metal ion coordination
region (Fig. 2B and Fig. S2A). Four metal ions are resolved, and
on the bases of interatomic distances, coordination geometry,
and electron density, three of these were identified as calcium
ions and the fourth as a sodium ion. Side chains of Asp-187,
Asn-193, and Asp-195 interact with the calcium ions, whereas
Gln-188 and Val-194 contribute to calcium coordination via
their main-chain carbonyls. A single sodium ion is coordinated
by the backbone carbonyl of Gln-196 from all three protomers
together with three water molecules.

We decided to investigate the role of this metal coordination
pocket in binding with T-cadherin. To this end, we created two
point mutants in the context of full-length adiponectin: a
D195A single mutant and a D187A/Q188A double mutant. We
first assessed the binding of these mutants to T-cadherin by
performing a pulldown assay in which we immobilized FLAG-
tagged full-length adiponectin variants and tested binding of
purified T-cadherin. T-cadherin failed to bind to both mutants,
suggesting that proper folding of the metal coordination region

is essential for the interaction between adiponectin and T-cad-
herin (Fig. 2C).

We then proceeded to structurally characterize the mutants to
confirm disruption of the metal-binding site. Using the globular
domain construct described above, we introduced the mutations,
purified the resulting protein, and set crystallization trays.
Although we were not able to obtain diffraction-quality crystals of
the D195A mutant, we were able to obtain strongly diffracting
crystals of the D187A/Q188A double mutant, giving a dataset of
2.15 Å resolution (Table S1). The asymmetric unit contains one
copy of the globular domain with a three-fold crystallographic
symmetry axis at the center of the biological trimer. The overall
fold of the protein closely resembles that of WT adiponectin (Fig.
2D) but differs in �-strand 6, which is extended. The metal coor-
dination site is completely eliminated with major rearrangements
in this region, positioning the D187A/Q188A mutated residues in
�-strand 7. Importantly, even Asp-195, located in loop 7, is shifted
substantially, preventing metal coordination entirely (Fig. 2E).
Together with the pulldown results, these data indicate that

Figure 2. Organization of the metal ion binding site is necessary for T-cadherin binding. A, crystal structure of the WT adiponectin globular domain. The
protein self-assembles as a trimer; one monomer is colored magenta. Three calcium ions are depicted in green, and a single sodium ion is shown in cyan. B,
close-up view of the metal ion coordination site. The 2Fo-Fc map is shown in blue and is contoured at 1 �. C, FLAG-adiponectin pulldown assay showing that
T-cadherin cannot be pulled down efficiently by mutant forms of adiponectin (abbreviated AQ for AdipoQ) in which the metal ion binding site is disrupted. D,
superimposition of adiponectin D187A/Q188A (blue) on the WT structure (gray). The side chains of the mutated amino acids Asp-187 and Gln-188 are shown
in both structures, together with Asp-195. E, close-up of the region affected by mutations. The superimposition shows a major change in the conformation of
�-strand 7 and in loop 7.
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proper organization of the metal ion coordination site and adja-
cent regions is important for adiponectin to bind to T-cadherin.

The globular domain alone does not bind T-cadherin

Given the essentiality of the metal ion coordination site, we
speculated that T-cadherin’s interaction with adiponectin
might be entirely mediated by the globular domain. To test the
roles of different domains, we performed a pulldown assay.
Purified FLAG-tagged adiponectin variants were immobilized
and then incubated with T-cadherin (Fig. S3A). We assessed
the binding through Western blotting, and, as expected, the
WT protein binds the receptor, but neither the globular
domain alone nor a trimeric C36S mutant (unable to multim-
erize because of its inability to form disulfide bonds) was able to
pull down T-cadherin. This suggests that the globular domain
is not sufficient to bind T-cadherin, perhaps because of a reli-
ance on avidity conferred by high-molecular-weight forms.

To test this possibility, we decided to mimic the high-molec-
ular-weight form of adiponectin by preparing site-specific,
biotinylated, globular-domain adiponectin and incubating it
with streptavidin. In this case, we used a 3� tandem repeat

construct described previously (34), resulting in formation of
12-mers upon incubation with streptavidin tetramers. How-
ever, this dodecameric form also failed to bind T-cadherin in a
pulldown assay (Fig. S3B), suggesting that not only avidity but
also the geometry of the oligomeric form is important for inter-
action of adiponectin with T-cadherin.

Affinity maturation of the adiponectin globular domain to find
T-cadherin interactors

Because a properly folded globular domain of adiponectin
appears to be necessary but not sufficient for T-cadherin bind-
ing, we hypothesized that it might be possible to enhance the
affinity of adiponectin’s globular domain for T-cadherin and
bypass the requirement for oligomerization. To do this, we used
a yeast surface display (35) with the display vector pYDS (36).
This approach allows expression of a protein variant library on
the surface of Saccharomyces cerevisiae yeast, which can then
be sorted by FACS to identify binders to a target of interest (Fig.
3A). We first assessed whether we could express the globular
domain of adiponectin on the yeast surface, confirming that the
protein could be displayed efficiently (Fig. 5, top left panel). In

Figure 3. Affinity maturation of the adiponectin globular domain to find T-cadherin interactors. A, selection procedure to identify T-cadherin binders. B,
the approach used for selection involves one step of MACS using 1 �M T-cadherin FITC, followed by one round of FACS employing 500 nM T-cadherin 488 and
a second round of FACS utilizing 200 nM T-cadherin 647. C, the different rounds of selection were plotted in a histogram. On the x axis, T-cadherin binding is
shown by fluorescence intensity (arbitrary units), whereas on the y axis, the count of cells is shown.
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this format, we observed weak but detectable binding to T-cad-
herin, which we then sought to optimize.

We created an error-prone PCR library of adiponectin glob-
ular domain variants with roughly two to three mutations per
clone spread throughout the gene. Transformation into yeast
yielded a library of 5 � 108 transformants. This library was then
used to screen for T-cadherin binding by using progressively

lower concentrations of T-cadherin coupled to fluorophores
(Fig. 3B). Each round of selection increased the proportion of
adiponectin variants binding to T-cadherin (Fig. 3C). We then
analyzed all rounds of selection compared with the naïve library
through amplicon deep sequencing to identify “hot spots” with
high mutation frequency. Certain regions of the protein were
preferentially enriched in mutations after selection (Fig. 4A),

Figure 4. Identification of hot spot mutations through amplicon deep sequencing. A, schematic of mutation frequency at each amino acid in the
adiponectin globular domain (residues 109 –244) after the final FACS2 selection round. B, residues showing more than a 10% mutation rate in FACS round 2
were then analyzed to identify preferred substitutions. C, hot spot mutations are represented as side chains in a ribbon representation of the structure.
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with each round showing an increase in the percentage of
mutant at each position. We analyzed each residue that showed
a mutant enrichment above 10% in the second FACS round
(Fig. 4B). Interestingly, the amino acid substitution preference
in each position was apparent from the first magnetic cell sort-
ing round (MACS1) and was maintained throughout the selec-
tion process, nearing fixation in most positions after the final
selection round. The mutations were localized in several
regions of the protein (Fig. 4C). Gln-188 is located at the “top”
of the trimer, opposite the N and C termini regions, and it is
involved in calcium coordination through its backbone car-
bonyl. Phe-115 and Val-117 are in the first �-sheet, with
their side chains pointing in the opposite direction of the
core of the trimer. Gln-140, Asn-141, and Asp-144 are posi-
tioned in the second loop, with their side chains pointing
toward the solvent.

To explore the contribution of each mutation to binding
affinity, we measured T-cadherin binding to yeast cells display-
ing the adiponectin globular domain containing each single
mutant. All single substitutions modestly enhanced T-cadherin
binding when measured in this format (Fig. 5), but combination
of two mutations (V117D and Q188L) significantly enhanced
the interaction (Fig. 5, bottom right). When we assessed binding
to purified adiponectin globular domain mutants through a
pulldown assay, each mutant could bind the receptor, with the
double mutant V117D/Q188L (VQ) showing more effective
pulldown (Fig. 6A). This mutant was further analyzed in a
dose–response binding assay in yeast, showing an apparent KD
of 250 nM (Fig. 6B). To investigate whether this mutant could
recapitulate the features of the full-length protein, we checked

that it retained the ability to bind the same domains of T-cad-
herin. Fukuda et al. (31) discovered that the prodomain of
T-cadherin together with extracellular domains 1 and 2 were
necessary and sufficient for interaction with adiponectin. We
confirmed these data with full-length adiponectin, finding also
that addition of the third extracellular domain of T-cadherin
significantly enhanced binding (Fig. 6C). We found that the
adiponectin globular domain VQ mutant follows the same
trend (Fig. 6D), indicating that the mutations likely enhance
intrinsic affinity rather than conferring a fundamentally new
binding mode.

Discussion

Data from a variety of studies indicate that the primary bio-
logically active form of adiponectin is its high-molecular-
weight oligomeric form (17, 37–39), which is the only form of
adiponectin that binds with high affinity to T-cadherin (25).
However, the mechanistic basis for this specificity has
remained unclear. Here we showed that the adiponectin glob-
ular domain is necessary but not sufficient for this interaction.
Consistent with prior data (34), we observed structural calcium
and sodium ions within the trimer of the adiponectin globular
domain, and we found that these are important for proper fold-
ing of the globular domain. A metal ion coordination mutant,
D187A/Q188A, displayed significant rearrangement of the
region and lacked T-cadherin binding activity. However, even
with an intact metal coordination site, an artificial globular
domain dodecamer failed to bind to T-cadherin. This high-
lights the importance not only of the oligomeric state of the

Figure 5. Each mutation independently enhances T-cadherin binding to the adiponectin globular domain on yeast. Each adiponectin (AQ) mutant was
tested for its binding to purified T-cadherin (100 nM) in a yeast surface display assay. On the x axis, T-cadherin binding is shown, whereas on the y axis,
adiponectin expression is reported. The upper right quadrant indicates yeasts that express adiponectin and bind T-cadherin.
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protein but also the unique C1q-like geometry of full-length
adiponectin.

Although the WT globular domain of adiponectin is not suf-
ficient to bind T-cadherin, we speculated that it might be pos-
sible to restore binding activity to this isolated domain. We
diversified this region through error-prone PCR and created a
library of �500 million mutants displayed on the surface of
yeast. After sorting for T-cadherin binding, we identified a vari-
ety of individual point mutations that confer T-cadherin bind-
ing to the isolated adiponectin globular domain trimer, over-
coming the avidity and geometric requirements of the native
protein. Although it is possible, in principle, that these muta-
tions alter the binding mode or induce an artificial interaction.
The diversity of mutations identified and the small number of
changes (even just a single amino acid) required to confer bind-
ing suggests that these mutations more likely enhance a low
intrinsic affinity. Consistent with this, the most effective
mutant (VQ mutant) retains specificity for the same domains of
T-cadherin as full-length adiponectin.

One of the most intriguing and puzzling features of adi-
ponectin biology is its numerous proposed receptors. Although
T-cadherin shows robust binding to adiponectin, at least in its
high-molecular-weight form, the other putative receptors, Adi-
poR1 and AdipoR2, as well as calreticulin appeared to be unim-

portant for binding in a recent study (32), in contrast to previ-
ous reports (22, 23, 40). Adding to the complexity, other recent
work showed that adiponectin can bind to certain negatively
charged lipids (41), suggesting a possible opsonin or lipid trans-
port role for the protein, perhaps in conjunction with signaling
activity through other receptors. Accordingly, a key future chal-
lenge is to understand the relationship among these different
binding partners and to definitively determine whether Adi-
poR1 and AdipoR2 are, in fact, direct receptors of adiponectin
or whether they serve some other role. Our work here adds to
an increasingly extensive body of literature validating T-cad-
herin binding to adiponectin, defining the site of interaction
and showing that adiponectin’s complex quaternary structure
is important for T-cadherin binding. Remarkably, the require-
ment for adiponectin oligomerization to bind T-cadherin can
be overcome by a variety of point mutations in adiponectin.
These adiponectin globular domain mutations may also prove
to be useful tools for investigating other aspects of adiponec-
tin’s functions in the future. Combinatorial biology approaches
similar to those described here might also be applicable to stud-
ies of other proposed adiponectin binding partners, providing a
path to a more complete mechanistic understanding of this
system.

Figure 6. Mutations in the globular domain confer binding to T-cadherin in vitro. A, FLAG pulldown assay. Purified FLAG-adiponectin proteins were
immobilized on FLAG resin and then incubated with T-cadherin. Binding of T-cadherin was assessed by Western blotting. IB, immunoblot. B, dose–response
binding assay in yeast by flow cytometry. Test proteins (adiponectin globular domain and mutant) were expressed under the control of galactose induction.
Data are shown as means � S.D. from two independent biological replicates, each performed in triplicate. On the y axis, the percentage of cells positive for both
the HA epitope (to confirm display) and T-cadherin binding is shown. C, protein A pulldown assay. Purified T-cadherin constructs fused with human IgG1 Fc
were immobilized on protein A resin and then incubated with adiponectin. Binding of adiponectin was assessed by Western blotting. D, protein A pulldown
assay. Purified T-cadherin constructs fused with Fc were immobilized on protein A resin and then incubated with different adiponectin proteins. Binding of
adiponectin was assessed by Western blotting. All pulldown data are representative of experiments performed at least in duplicate.
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Experimental procedures

Error-prone PCR library

The DNA library for the adiponectin globular was con-
structed through error-prone PCR as described previously (42).
The protocol takes advantage of a polymerase that does not
possess 3� to 5� exonuclease proofreading activity, resulting in
low replication fidelity, which is further decreased by an unbal-
anced ratio of nucleotides and addition of Mn2� and increased
Mg2� concentration. The protocol for PCR consisted of a step
at 94 °C for 30 s and 10 cycles at 94 °C for 1 min and 72 °C for 4
min. The polymerase used was Thermus aquaticus polymerase.

The DNA library was amplified for yeast transformation with
lib_fwd (ATCGCTGCTAAGGAAGAAGGTGTTCAATTG-
GACAAGAGAGAAGCT) and lib_rev (GGGTGAGGATGT-
TTGAGCGTAATCTGGAACATCGTATGGGTAGGATCC)
primers. 500 ml of BJ5465 yeast (MATa ura352 trp1 leu2�1
his3�200 pep4::HIS3 prb1�1.6R can1 GAL) was grown to
A600 � 1.5, transformed with 245 �g of nanobody insert DNA
and 50 �g of pYDS2.0 plasmid, and digested with NheI-HF and
BamHI-HF (New England Biolabs) using an ECM 830 Electro-
porator (BTX-Harvard Apparatus) as described previously
(36). Dilutions of transformed yeast were then plated on -Trp
dropout medium, and colonies were counted to obtain an esti-
mate of library diversity.

Library selection

T-cadherin binders were isolated after one round of mag-
netic activated cell sorting (MACS) by staining the yeast library
with FITC-labeled T-cadherin and anti-FITC microbeads
(Miltenyi). This was followed by two rounds of FACS, staining
the yeast library with Alexa Fluor 488 – or Alexa Fluor 647–
labeled T-cadherin at decreasing concentrations (1 �M, 500 nM,
and 200 nM). MACS selection was performed as described in
Ref. 36. Cells from each round of selection were then analyzed
by amplicon deep sequencing as described below.

Next-generation sequencing amplicon deep sequencing

The yeast DNA library of each round was extracted through
Zymoprep Yeast Plasmid Miniprep II, PCR-amplified using
primers GTTCAATTGGACAAGAGAGAAGCT and GAAC-
ATCGTATGGGTAGGATCC, gel-purified, and submitted for
amplicon deep sequencing at the Massachusetts General Hos-
pital Center for Computational and Integrative Biology DNA
Core. Data were analyzed using Geneious Prime 2019 and a
custom Python 3 script. In brief, reads were aligned to the ref-
erence sequence using Bowtie 2 (43). Mutation percentages
were compiled using pysam’s pileup method as the number of
nucleotides (or amino acids) different from the reference nucle-
otide over the total number of nucleotides sequenced at this
position.

Protein expression and purification

The full-length adiponectin gene (both WT and mutants)
was cloned and purified as described in Ref. 36. In brief, the
adiponectin gene was cloned into the pTARGET vector with an
HA signal peptide and a FLAG tag. An Expi293 (Thermo) stable
cell line was created to express FLAG-adiponectin in the

medium and was maintained in a bioreactor (CELLine flasks,
Wheaton). Cells were harvested by centrifugation at 4000 � g
for 10 min, the supernatant was diluted 1:1 with HEPES-buff-
ered saline, and 2 mM CaCl2 was added before loading onto M1
anti-FLAG affinity resin. This was first washed with 300 mM

NaCl, 20 mM HEPES (pH 7.5), and 2 mM CaCl2 and then with
150 mM NaCl, 20 mM HEPES (pH 7.5), and 2 mM CaCl2; elution
was performed with 150 mM NaCl, 20 mM HEPES (pH 7.5), 0.2
mg/ml FLAG peptide, and 5 mM EDTA. Adiponectin was dia-
lyzed in HEPES-buffered saline overnight.

For crystallography studies, adiponectin globular domain
WT (from residue 108 to the end) was cloned into a pMAL
vector containing an N-terminal His tag, followed by maltose-
binding protein and a 3C protease cleavage site. E. coli BL21
(DE3) cells were grown in Terrific broth supplemented with
0.2% (w/v) glucose, 2 mM MgCl2, and 100 �g/ml ampicillin at
37 °C until an A600 of 0.8 was reached, at which point the tem-
perature was shifted to 18 °C, and protein expression was
induced by addition of 1 mM isopropyl 1-thio-�-D-galactopyra-
noside. After 16 h of induction, cells were collected and resus-
pended in 150 mM NaCl and 20 mM HEPES (pH 7.5). Cells were
lysed by sonication and then centrifuged at 20,000 � g for 20
min. The supernatant was recovered, filtered with a 0.45-�m
filter, and applied to nickel-nitrilotriacetic acid resin. The nick-
el-nitrilotriacetic acid resin was first washed with 500 mM NaCl,
20 mM HEPES (pH 7.5), and 50 mM imidazole and then with 150
mM NaCl, 20 mM HEPES (pH 7.5), and 50 mM imidazole; elution
was performed with 150 mM NaCl, 20 mM HEPES, and 250 mM

imidazole (pH 8). The protein was further purified by size
exclusion chromatography.

For all other studies, adiponectin globular domain, both WT
and mutants, (from residue 108 to the end) was cloned in the
vector pMS211 (44) containing an N-terminal small ubiquitin-
like modifier fusion followed by a FLAG epitope tag and a 3C
protease cleavage site. E. coli C43 (DE3) harboring an arabi-
nose-inducible Ulp1 protease plasmid (pAM174) was trans-
formed with the pAM205 vector containing the protein of
interest. Bacteria were grown in Terrific broth supplemented
with 0.2% glucose, 2 mM MgCl2, 100 �g/ml ampicillin, and 35
�g/ml chloramphenicol at 37 °C until an A600 of 0.8 was
reached, at which point the temperature was reduced to 18 °C,
and protein expression was induced by addition of 1 mM iso-
propyl 1-thio-�-D-galactopyranoside and 0.2% arabinose for
the adiponectin globular domain and Ulp1, respectively. After
16 h of induction, cells were collected and resuspended in 150
mM NaCl and 20 mM HEPES (pH 7.5). Cells were lysed by son-
ication and then centrifuged at 20,000 � g for 20 min. The
supernatant was recovered, filtered with a 0.45-�m filter, and
applied to M1 anti-FLAG affinity resin. The resin was first
washed with 500 mM NaCl, 20 mM HEPES (pH 7.5), and 2 mM

CaCl2 and then with 150 mM NaCl, 20 mM HEPES (pH 7.5), and
2 mM CaCl2; elution was performed with 150 mM NaCl, 20 mM

HEPES (pH 7.5), 0.2 mg/ml FLAG peptide, and 5 mM EDTA.
The protein was further purified by size exclusion chromatog-
raphy using a Superdex 200 increase column.

For biotinylation experiments, an adiponectin globular
domain single-chain trimer (34) was cloned with an N-terminal
hemagglutinin signal peptide and a FLAG epitope tag; at the C
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terminus, it was fused to an AVI tag (45) to allow biotinyla-
tion by the BirA enzyme. This construct was expressed in
Spodoptera frugiperda Sf9 insect cells (Expression Systems,
Davis, CA) using the FastBac baculovirus system (Thermo
Fisher) according to the manufacturer’s instructions. Protein
was harvested by centrifugation to remove cells, and the super-
natant was treated with 50 mM Tris (pH 8), 1 mM NiCl2, and 5
mM CaCl2. The medium was centrifuged again and then filtered
with a 0.45-�m filter to remove precipitated material. Clarified
supernatant was loaded by gravity flow over anti-FLAG resin.
The column was first washed with 300 mM NaCl, 20 mM HEPES
(pH 7.5), and 2 mM CaCl2 and then with 150 mM NaCl, 20 mM

HEPES (pH 7.5), and 2 mM CaCl2; protein was then eluted in
150 mM NaCl, 20 mM HEPES (pH 7.5), 0.2 mg/ml FLAG pep-
tide, and 5 mM EDTA.

T-cadherin was produced in Tni insect cells. In brief, the
gene from residues 23– 690 was cloned into expression vector
pAcGP67a, followed by a His6 tag. Baculovirus was produced by
cotransfection of the transfer vector and linearized “BestBac”
viral DNA in S. frugiperda Sf9 cells (Expression Systems). Pro-
tein was harvested by centrifugation to remove cells, and the
supernatant was treated with 50 mM Tris (pH 8), 1 mM NiCl2,
and 5 mM CaCl2. The medium was centrifuged again and then
filtered with a 0.45-�m filter to remove precipitated material.
Clarified supernatant was loaded by gravity flow over nickel-
bound chelating Sepharose resin (GE Healthcare). The column
was first washed with 300 mM NaCl, 20 mM HEPES (pH 7.5),
and 20 mM imidazole and then with 150 mM NaCl, 20 mM

HEPES (pH 7.5), and 20 mM imidazole; protein was then eluted
in the same buffer supplemented with 250 mM imidazole. For
the pulldown shown in Fig. 6, C and D, and Fig. S3B, another
construct was used. T-cadherin was cloned in the pFUSE vec-
tor, where, at the N terminus, it was preceded by the IL2 signal
sequence, and at the C terminus, it was fused to the heavy chain
CH2-CH3 fragment of human IgG1. Construct P12 comprised
T-cadherin residues 23–359, construct P123 comprised resi-
dues 23– 473, and the full-length construct comprised residues
23– 690, as described in Ref. 31.

Crystallization

Proteins for crystallographic studies were produced in E. coli
BL21 (DE3). The WT adiponectin globular domain and
mutants were expressed as above and then digested with 3C
protease (1:1000 (w/w)) to remove the maltose-binding protein
tag (for the WT construct) or the FLAG tag (for the mutant).
The proteins were further purified by size exclusion chroma-
tography on a Superdex S200 increase column (GE Healthcare)
in a buffer containing 150 mM NaCl and 20 mM HEPES.

The WT adiponectin globular domain was concentrated to
6.3 mg/ml prior to crystallization and was crystallized by vapor
diffusion using a Gryphon LCP crystallization robot (Art Rob-
bins Instruments) to mix 100 nl of protein with 100 nl of a
precipitant solution consisting of 0.2 mM Li2SO4, 0.1 M sodium
acetate (pH 4.5), and 50% PEG 400. Crystals grew in a few min-
utes and continued to grow over the course of several days. The
crystals were transferred to a solution of mother liquor supple-
mented with 20% (v/v) glycerol for cryoprotection prior to
freezing in liquid nitrogen.

Adiponectin globular domain D187A/Q188A was concen-
trated to 6.3 mg/ml prior to crystallization and was crystallized
by vapor diffusion by mixing 100 nl of protein with 100 nl of a
precipitant solution consisting of 0.2 M sodium nitrate, 0.1 M

MES (pH 5.5), and 20% PEG 3350. Crystals grew in 2 days. The
crystals were transferred to a solution of mother liquor supple-
mented with 20% (v/v) glycerol for cryoprotection prior to
freezing in liquid nitrogen.

Data collection was performed at Advanced Photon Source
beamline 23ID-D for the WT adiponectin globular domain and
at beamline 23ID-B for the adiponectin globular domain
D187A/Q188A mutant (NE-CAT) using a single crystal for
each dataset. Data reduction and scaling were carried out using
XDS and XSCALE, respectively (46), and the structure was
solved by molecular replacement in Phaser (47) using a single-
chain trimer of human adiponectin globular domain (PDB code
4DOU) as the search model. Refinement was conducted using
Phenix 1.16 (48) with manual building in COOT (49). Because
of its high resolution, refinement for the WT adiponectin struc-
ture was conducted with riding hydrogens and anisotropic
B-factors for all nonhydrogen atoms. Structure quality was
assessed using MolProbity (50). The refined structures were
deposited in the Protein Data Bank under accession codes 6U66
for the adiponectin globular domain WT and 6U6N for the
adiponectin globular domain D187A/Q188A mutant.

EM

Purified FLAG-adiponectin full-length was loaded onto a
Superdex S200 column (GE Healthcare) equilibrated with a
buffer containing 150 mM NaCl and 20 mM HEPES to separate
the three oligomerization states of adiponectin by size exclu-
sion chromatography. Fractions from each peak were diluted to
a concentration of 0.01 mg/ml, and 2.5 �l was applied to a
glow-discharged, carbon-coated copper grid (Electron Micros-
copy Sciences). The protein solution was allowed to adsorb for
30 s, and then grids were stained with three drops of 1.5% (w/v)
uranyl formate. Filter paper (Whatman #1) was used to absorb
excess solution between each staining step, and the grids were
allowed to air-dry.

Negative-stain micrographs were collected at room temper-
ature with a Philips Tecnai T12 electron microscope with a
LaB6 filament operated at 120 kV. Micrographs were collected
on a Gatan 4K charge-coupled device camera at a magnification
of �52,000, corresponding to a pixel size of 2.13 Å, and a defo-
cus value of 	1.5 �m. Particles were manually picked in
RELION (51) to generate initial two-dimensional class averages
that were used as references for autopicking the remaining
micrographs. Several iterations of two-dimensional classifica-
tion were carried out in RELION to generate the final class
averages.

Biochemical assays

For FLAG pulldown, 1 �M of FLAG-adiponectin was immo-
bilized on M1 anti-FLAG resin and then incubated for 1 h at
4 °C with 3 �M T-cadherin. Beads were washed four times in
150 mM NaCl, 20 mM HEPES, 5 mM CaCl2, and 0.05% Triton
X-100, and then the reaction was eluted in Laemmli buffer. For
protein A pulldown, 3 �M T-cadherin–Fc was immobilized on
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the resin and then incubated with 1 �M FLAG-adiponectin for
1 h at 4 °C. Beads were washed four times in 150 mM NaCl, 20
mM HEPES, 5 mM CaCl2, and 0.05% Triton X-100, and then the
reaction was eluted in Laemmli buffer. The biotinylation reac-
tion was performed using a BirA-500 kit (Avidity). The protein
was dialyzed in 10 mM Tris (pH 8) and 50 mM NaCl for the
reaction and incubated according to manufacturer’s instruc-
tions. The biotinylated protein was then dialyzed in 150 mM

NaCl and 20 mM HEPES (pH 7.5) to remove any excess of free
biotin before performing the pulldown assay.
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