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ABSTRACT 

Adiponectin (also known as Acrp30) is a well-known adipokine associated with protection from 

cardiovascular disease, insulin resistance, and inflammation. Though multiple studies have 

investigated the mechanism of action of adiponectin and its relationship with tissue ceramide 

levels, several aspects of adiponectin biology remain unexplained, including its high circulating 

levels, tendency to oligomerize, and marked structural similarity to the opsonin C1q. Given the 

connection between adiponectin and ceramide metabolism, and the lipid-binding properties of 

C1q, we hypothesized that adiponectin may function as a lipid binding protein. Indeed, we found 

that recombinant adiponectin bound to various anionic phospholipids and sphingolipids, 

including phosphatidylserine, ceramide-1-phosphate, and sulfatide. The globular head-domain 

of adiponectin was necessary and sufficient for lipid binding. Adiponectin oligomerization was 

also observed to be critical for efficient lipid binding. In addition to lipids in liposomes, 

adiponectin bound LDL in an oligomerization-dependent manner. Other C1qTNF-related protein 

(CTRP) family members Cbln1, CTRP1, CTRP5, and CTRP13 also bound similar target lipids in 
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liposomes. These findings suggest that adiponectin and other CTRP family members may not 

only function as classical hormones, but also as lipid binding opsonins or carrier proteins. 

 

INTRODUCTION 

Since the discovery of adiponectin as a metabolic hormone secreted by adipocytes, there have 

been many studies describing the protective effects of adiponectin against cardiovascular 

disease, insulin resistance, and inflammation in sepsis and metabolic disease (1–8). Many of 

these discoveries have been complemented by studies on the adiponectin receptors Adipor1 

and Adipor2 (1, 9), which are thought to mediate most of the myriad effects of adiponectin by 

inducing AMPK signaling, PPARα transcriptional programs, and receptor-intrinsic ceramidase 

activity (10). The ability of adiponectin to reduce tissue ceramide levels has been posited to 

explain its insulin sensitizing and anti-inflammatory properties (11–13). Adiponectin also has 

been shown to bind a separate GPI-linked receptor T-cadherin (14), which has recently been 

shown to also reduce tissue ceramide levels by triggering the release of exosomes (15). These 

findings together suggest a role for adiponectin in ameliorating metabolic disease by altering 

tissue lipids, especially ceramides, via receptor binding and activation of downstream 

intracellular processes.  

However, several features of adiponectin biology are not readily consistent with the 

prevailing view that adiponectin functions only as a classical hormone. First, the concentration 

of adiponectin in serum is in micromolar range (16), which is in the range of carrier proteins 

such as IGF-binding proteins and retinol binding proteins; most other hormones, including 

insulin and leptin, circulate in the nanomolar range. Another unexplained feature of adiponectin 

is the presence of multimers and cleaved forms, which appear to have different physiological 

effects. Adiponectin spontaneously forms trimers, which assemble into higher-order dimers of 

trimers, and 4-5-mers of trimers. These are, respectively, referred to as low molecular weight 

(LMW), medium molecular weight (MMW), and high molecular weight (HMW) complexes. 
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Adiponectin has also been shown to be cleaved in serum by elastases and thrombin at the 

juncture between the globular C1q-like head-domain and the collagenous tail-domain. 

Interestingly, the globular head-domain appears to bind AdipoR1/2 and activate AMPK more 

strongly than full-length protein (17, 18); however, the quantities of HMW multimers are more 

strongly associated with insulin sensitivity (19, 20), have a longer half-life in circulation (16), and 

are selectively bound by T-cadherin over globular/trimeric forms (14). The reasons for these 

differences are not well-explained by the current paradigm of a purely endocrine function of 

adiponectin. Moreover, several studies have also shown an important protective effect of 

adiponectin in clearing apoptotic cells and preventing development of autoimmunity (21, 22). 

This effect, thought to be mediated in part via binding to calreticulin, appears to lie completely 

outside the metabolic realm of adiponectin biology, and a clear relationship between these 

processes has been lacking.  

While the structural similarity of adiponectin and C1q has been previously noted (23), the 

possibility that these proteins may have similar functions has not been explored. C1q is best 

known for its role in innate immunity as an opsonin and the initiating protein in the classical 

complement cascade. It binds a wide variety of proteins, in particular the FC domain of various 

immunoglobulins, C reactive protein, and β-amyloid, as well as carbohydrates and anionic 

phospholipids, including lipopolysaccharide, cardiolipin, and phosphatidylserine (23). Unlike 

adiponectin, which forms homotrimers, C1q is made of a heterotrimer of three distinct subunits 

(C1qA, B, and C), which have slightly different affinities to the various described ligands. The 

overall structure of adiponectin, C1q, and other C1q-TNF related protein (CTRP) family 

members, however, are strikingly similar in the C-terminal globular head-domains, as revealed 

by domain analysis and crystallographic studies (24). CTRP family proteins also bear 

resemblance to collectins, including surfactant proteins and lectins, and ficolins. Of note, these 

are also known to bind a range of phospholipids and carbohydrates (25–27).  
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Given these structural similarities, the involvement of adiponectin in apoptotic cell 

clearance, its unexplained high circulating levels, its relation with tissue ceramides, and the 

known effects of ectopic lipid deposition on insulin resistance and metabolic disease (28, 29), 

we hypothesized that adiponectin may bind lipids directly, serving as a physiological lipid 

opsonin. Using different biochemical approaches, here we find that adiponectin is a lipid binding 

protein with broad specificity to anionic phospholipids and sphingolipids, including 

phosphatidylserine, sulfatide, and ceramide-1-phosphate. These findings suggest a modified 

model of adiponectin function as a lipid-based opsonin that may promote lipid clearance through 

the ceramidase activity of the AdipoR1/2 receptors.  

 

RESULTS 

Adiponectin binds a variety of anionic phospholipids and sphingolipids 

For initial screens, recombinant murine adiponectin with a V5-6xHis C-terminal tag was cloned 

and expressed in Expi293 cells, harvested in cell supernatant, and tested for binding to lipids on 

nitrocellulose strips either prepared in-house or obtained commercially (Echelon, Avanti). By this 

method, adiponectin was found to bind a variety of anionic phospholipids and sphingolipids, 

including phosphatidic acid (PA), phosphatidylserine (PS), phosphatidylinositol-phosphate (PIP), 

phosphatidylinositol-4,5-bisphosphate (PIP2), phosphatidylinositol-(3,4,5)-trisphosphate (PIP3), 

cardiolipin (CL), sulfatide (ST), ceramide-1-phosphate (Cer1P), and dihydroceramide-1-

phosphate (DHCer1P) (Figure 1A). Of these, PS, CL, ST, and Cer1P were of interest given that 

they can be exposed in various conditions on the outer leaflet of cells, where they might interact 

with adiponectin physiologically. The binding to Cer1P was especially interesting given the 

relationship of adiponectin with ceramide metabolism (10, 11). Notably, there was little or no 

binding to triglycerides, diacylglycerol, cholesterol, neutral sphingolipids and phospholipids—

including ceramide and phosphatidylcholine—or single-tailed sphingosine derivatives. 
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To rule out a role for other proteins in the transfected cell supernatant in bridging binding 

between adiponectin and lipids, lipid binding on nitrocellulose was assessed after isolation of 

recombinant tagged adiponectin by Ni NTA affinity chromatography (Supplementary Figure S1). 

Both purified and unpurified recombinant adiponectin showed comparable results, suggesting a 

direct interaction. Notably, deletion of the C1q domain also was able to abrogate binding, ruling 

out non-specific binding secondary to purification conditions. Purified recombinant protein was 

then used for all subsequent experiments.  

Because lipid strip assays may show non-physiological interactions, given the random 

orientation of the dried lipids, binding of adiponectin to a subset of lipid targets was validated 

using liposomes, in which lipids are presented to proteins in a more physiological orientation 

and context, using a liposome pulldown assay. Briefly, lipids of interest incorporated into 

rhodamine-labeled, sucrose-loaded 1000 nm dioleylphosphatidylcholine (DOPC) liposomes 

were incubated with purified recombinant protein, washed, collected by density centrifugation, 

and analyzed for bound protein by Western blot. The protein signal was normalized to liposome 

rhodamine fluorescence, and unbound protein in the supernatant was monitored for 

comparison. By this method, adiponectin was again seen to bind various anionic phospholipids 

and sphingolipids (Figure 1B). Significant binding was observed to PS, Cer1P, glucosylceramide 

(GlcCer), and CL, but binding was remarkably strong to ST, largely corroborating the lipid strip 

data, but also revealing interesting differences. Of note, in all pulldown conditions, a large 

excess of recombinant protein remained unbound in the supernatant, irrespective of liposome 

type, despite differences in protein binding (Supplementary Figure S2).  

In addition, we observed that selective binding of adiponectin to target lipids in 

liposomes required a high concentration of target lipids, >50% for PS and Cer1P in liposomes. 

Binding to ST, though stronger, still required >10% lipids for efficient binding (Supplementary 

Figure S2). Dot blot data also suggested a dependence of adiponectin binding on tail length of 

the lipid ligand (Supplementary Figure S3A). Interestingly, despite previous literature noting 
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coordination of Ca2+
 ions by adiponectin, lipid binding to strips or liposomes was not affected by 

the presence of calcium in the binding buffer (Supplementary Figure S3B-C).  

 

Lipid binding occurs via the C1q domain of adiponectin, and is affected by mutation of R134  

Loss of adiponectin lipid binding of upon deletion of the C1q domain suggested that this domain 

may be important for interactions with lipids.  To further characterize the necessity and 

sufficiency of the C1q domain for lipid binding, “headless” C1q-domain deleted mutant (C1qΔ) 

adiponectin (residues 1-110), and “tailless” collagenous-domain deleted mutant (collΔ) 

adiponectin (residues 1-44, 111-247) were tested for binding to lipids in lipid strips 

(Supplemental Figure S1) and liposomes (Figure 2A). By both methods, the C1q head domain 

was observed to be necessary and sufficient for lipid binding to PS, ST, and Cer1P targets. With 

liposomes, however, a clear defect in lipid binding was observed in the collΔ mutant compared 

to WT adiponectin, suggesting the head domain alone binds lipids with less avidity than the full-

length protein.  

Given the involvement of the C1q domain in lipid binding and the preference of 

adiponectin for phospholipids and sphingolipids with anionic headgroups, we hypothesized that 

positive residues in the adiponectin C1q head domain may be involved in ligand selectivity. 

Previous work characterizing the binding of PS to C1q suggested the R111 residue of human 

C1qC (R139 in the consensus sequence) may interact with the polar serine headgroup (30). 

Sequence alignment analysis revealed an analogous arginine (R134) in murine adiponectin 

conserved in human adiponectin. Docking studies of ST on the adiponectin C1q head domain 

(4DOU) (31) using SwissDock (32) also showed a conformation with estimated ΔG = -10.24 

kcal/mol where the negative sulfate group lies in close proximity to the R134 residue (Figure 

2B). Docking of Cer1P showed a similar conformation with an estimated ΔG = -8.75 kcal/mol.  

To test the effect of R134 on selectivity for anionic lipid ligands, we introduced an R134A 

mutation in the WT protein, as well as an H224A mutation targeting the top rather than the side 
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of the C1q domain, and a G87R mutation, which lies outside the C1q domain but has a weak 

association with diabetes in humans (19). Interestingly, while the R134A mutation did not 

abrogate lipid binding to anionic lipid ligands, it appeared to increase the relative affinity of 

adiponectin to PS and decrease binding to Cer1P (Figure 2C). The H224A mutation had 

essentially no effect, suggesting that this residue does not contribute significantly to lipid 

binding. The effect of the G87R mutation was subtle, but marginally decreased binding of both 

PS and Cer1P, while sparing binding to ST. 

 

Oligomerization of adiponectin is required for lipid binding 

Upon inspection of the adiponectin bands in the pulldown assays, we noted a predominance of 

the upper 60 kDa band in liposome-bound protein versus an almost equivalent if not flipped 

distribution of the 30 kDa and 60 kDa bands in the unbound supernatant (Figure 3A). As 

adiponectin monomers run around 30 kDa, the 60 kDa band, which collapses to 30 kDa in 

reducing conditions, was thought to correspond to a disulfide-bonded adiponectin dimer. Since 

adiponectin trimers are held together primarily by hydrophobic interactions (33), we surmised 

that the apparent dimer band corresponds to inter-trimer dimers linked at the N-terminal 

cysteine, like those seen in C1q (34), in HMW and MMW adiponectin oligomers (Figure 3A). 

The predominance of the dimer band in liposome-bound fractions thus was hypothesized to 

reflect preferential lipid binding by higher molecular weight adiponectin oligomers. This, along 

with the differences in lipid binding between full-length and collΔ adiponectin, and in the 

physiological functions of various adiponectin oligomers, prompted an evaluation of the 

contribution of oligomerization to lipid binding.  

 Initial gel filtration analysis of purified recombinant murine adiponectin expressed from 

Expi293 cells showed three peaks consistent with the presence of HMW, MMW, and LMW 

adiponectin (Supplementary Figure S4). Having established the presence of higher molecular 

weight oligomers in isolated protein, we then tested whether reduction of disulfide bonds by β-
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mercaptoethanol would affect binding to target lipids in liposomes. Retinol binding protein 4 

(RBP4), which was observed to have some binding to PS, was used as a control for potential 

non-specific effects of reducing conditions on lipid binding. Consistent with our hypothesis, 

binding of adiponectin to PS liposomes was completely abrogated by reduction of adiponectin 

(Figure 3B). Reduction also, as expected, eliminated the 60 kDa and other higher MW 

adiponectin bands. RBP4, which also had some binding to PS in the native state, conversely 

showed increased binding to PC and PS liposomes in the reduced state, suggesting that 

reducing conditions do not indiscriminately reduce lipid binding. Nonetheless, to further confirm 

the effect of adiponectin oligomerization on lipid binding without using reducing agents, site-

directed mutagenesis was used to introduce a C39S mutation, which has previously been 

shown to abrogate adiponectin oligomerization (18). This mutation resulted in loss of the 60 kDa 

band even in non-reducing conditions, confirming that the 60 kDa band arises from 

oligomerization, and diminished binding of adiponectin to target liposomes (Figure 3C-D), 

corroborating the results with reduced and native protein. Of note, light binding is seen to 

liposomes with the strongest ligand, ST, indicating that binding is not completely abrogated by 

the mutation, but much reduced.  

 

Adiponectin binds lipids in physiological membranes and LDL 

Our experiments thus far have investigated binding of adiponectin to selected target lipids at 

high concentrations in liposomes. While these studies serve to demonstrate that adiponectin 

binds lipids in a physically physiological setting, we wondered whether adiponectin binds lipids 

in more biologically relevant substrates in which the composition of lipids is more complex and 

the abundance of targets likely not as high as in synthesized liposomes, and what might be 

“natural” ligands of adiponectin in the body.  

Since its discovery, adiponectin has also been associated with cardiovascular protection 

(3). Okamoto et al. first observed binding of adiponectin to areas of vascular injury (35), and 
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adiponectin was later found to bind atherosclerotic lesions in mice (36, 37). Given these 

observations and the apparent lipid-binding property of adiponectin, we also tested whether 

adiponectin binds to low density lipoprotein (LDL) particles. To do this, native WT and C39S-

mutated adiponectin were incubated with LDL in the presence of fatty-acid free BSA block, then 

subjected to flotation through an iodixanol gradient. The amount of LDL-associated adiponectin 

dragged upward through the gradient was then assessed by Western blot and aligned with 

Sudan black signal marking the LDL layer. As shown in Figure 4A, a substantial amount of WT 

adiponectin was indeed observed in the middle fractions with high Sudan black signal, 

suggesting binding to LDL. A large proportion, however, remained unbound in the lower 

fractions, as was also seen in liposome pulldown assays. Notably, flotation of adiponectin was 

lost with the C39S mutant, suggesting that adiponectin binding to LDL is via LDL lipids. The 

same pattern was observed with native and reduced WT protein (Supplementary Figure S5).  

We also wondered whether adiponectin may bind target lipids in cell membranes. To 

assess this, we performed an untargeted LC-MS screen to characterize what lipids, if any, are 

associated with adiponectin simply upon isolation from transfected Expi293 cell supernatant. As 

there are no serum or protein additives in Expi293 media, and expressed adiponectin is in 

contact with cells for days until isolation, any bound lipids presumably are derived from the 

surrounding cells, potentially via extraction from plasma membranes, or released in exosomes 

or other membranous debris. Of note, non-specific adsorption of lipids to proteins is frequent 

and leads to a high rate of false positives by this method. To circumvent this, we performed LC-

MS with three protein preparations: WT adiponectin, the C1qΔ mutant, and RBP4. Only 

significant peaks specific to WT adiponectin in both WT to C1qΔ and WT to RBP4 comparisons 

were considered for further testing; common peaks were considered non-specific and ignored. A 

number of WT adiponectin-specific peaks fit this criterion (Supplementary Figure S6), 11 of 

which were enriched at least 2.5-fold in WT adiponectin in both comparisons, had p values < 

0.01, and peak max intensity ≥ 20,000. Many of these could not be mapped to a known 
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compound using the XCMS-MRM platform algorithms (38). Of the remaining, two were mapped 

to triglyceride or phosphatidylcholine, one to PIP2, one to a glucosaminyldiphosphoenol species, 

and one to galactosylceramide or sphingomyelin. This last peak (m/z = 870.7) was the most 

interesting to us given our previous lipid binding data, and was selected for further ms/ms 

fragmentation (Figure 4B). Fragment peaks were searched against the METLIN ms/ms 

database and various LipidMaps libraries (39, 40). Of these, only the LipidMaps 

glycosylceramide prediction tool was able to map two of the ms/ms peaks to a single hit, 

matching the m/z = 870.7 and m/z = 261.2 ion peaks to the precursor and C-fragment ions 

(glycosidic bond fragment) of sulfogalactosyl-ceramide, also known as ST, corroborating the 

liposome lipid binding data, and demonstrating that adiponectin can bind ST in cell membranes. 

Given these indications that adiponectin may bind physiologically relevant lipids, and our 

hypothesis that adiponectin acts as an endogenous lipid opsonin, we investigated whether any 

changes could be observed in lipid levels in vivo, especially in the plasma where adiponectin is 

found in high concentrations. To do this, plasma of WT and Adipoq KO mice were collected and 

sent for shotgun lipidomics analysis.  Most detected lipids were not adiponectin ligands and 

were not significantly different between WT and KO mice; however, glucosylceramide species, 

which by liposome assay did bind adiponectin, were significantly elevated in KO mouse plasma 

(Figure 4C, Supplementary Figure S7). This suggests adiponectin lipid binding in vivo may play 

a role in reducing the levels of this lipid.  

 

Adiponectin does not specifically label dead cells 

Given the role of adiponectin in clearance of apoptotic cells, and our observation of 

adiponectin binding to PS in liposomes, we investigated whether adiponectin might also bind PS 

in necrotic or apoptotic cells using flow cytometry. For this, purified preparations of WT and 

C39S adiponectin were used to stain a mixed-viability population of Expi293 cells co-stained 

with Annexin V and propidium iodide (PI). While recombinant WT adiponectin was able to 
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clearly bind to dead (Annexin V+, PI+) cells and a fraction of apoptotic cells (Annexin V+, PI-), 

the same binding pattern was observed with C39S adiponectin, which was seen earlier to lack 

binding to PS (Supplementary Figure S8A-B). This suggests that adiponectin binds ligands 

exposed on dead cells other than PS, like calreticulin, or alternatively, that adiponectin 

recognition of PS on apoptotic cells may not require oligomerization.  

 

Adiponectin does not have intermembrane lipid transfer activity 

Given the ability of adiponectin to bind lipids, we wondered whether adiponectin may function 

primarily by binding, like an opsonin, or have additional lipid extraction or transfer activity. While 

adiponectin lacks an obvious hydrophobic pocket that might mediate lipid transfer, the possibility 

was formally assessed using a loss-of-FRET quenching lipid transfer assay, where transfer of 

labeled lipid ligands from quenched donor liposomes to unlabeled acceptor liposomes is 

monitored by the appearance fluorescence over time. Experiments were performed with Cer1P, 

PS, and ST-containing donor liposomes, as well as ceramide-containing donor liposomes as a 

negative control. Activities of WT adiponectin, the C1qΔ mutant, collΔ mutant, and C39S mutant 

were also compared. Controls with protein with donor liposome alone, or donor and acceptor 

liposome without protein, were included in some cases to assess lipid extraction by protein 

without donation, or spontaneously lipid transfer, respectively. From these experiments, 

adiponectin was not found to have any lipid transfer activity for ceramide or Cer1P, PS 

(Supplementary Figure S9). Adiponectin also did not show lipid extraction or transfer activity for 

ST, although there was a high degree of spontaneous lipid transfer between donor and acceptor 

liposomes that confounded the assessment of transfer activity.  

 

CTRP family members bind a similar set of anionic phospholipids and sphingolipids  

Adiponectin and C1q belong to the larger C1q-TNF related protein (CTRP) family, which 

consists of the C1q, emilin, C1q-like, and cerebellin (Cbln) subfamilies (41, 42). Various 
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crystallographic studies have shown that CTRP family members share similar structures to 

adiponectin and C1q, forming trimers and oligomers of trimers (24), primarily differing in the 

length and complexity of the collagenous tail. The C1q regions are generally conserved, with 

relatively strong conservation of the hydrophobic structural elements of the β-strand jelly-roll, but 

more variability in the solvent exposed loops and superficial electrostatic patterns (24, 41, 42).  

Having observed the ability of adiponectin to bind to various anionic phospholipids and 

sphingolipids, we wondered to what degree this property might be shared among CTRP family 

members, and whether their affinities for various lipids may differ. To test this, V5-6xHis tagged 

recombinant Cbln1(precerebellin 1), CTRP1 (GIP), CTRP5 (Myonectin), and CTRP13 (C1ql3), 

representing three of the four CTRP subfamilies (Figure 5A), were cloned, expressed, and 

isolated by Ni NTA affinity chromatography as for adiponectin (Supplementary Figure S8) and 

assessed for lipid binding by liposome pulldown. CTRP5 is a protein expressed in the retinal 

pigment epithelium and certain brain regions that belongs to the C1q subfamily with adiponectin 

and C1qA, B, and C (43). Cbln1 and CTRP1 are cerebellin subfamily proteins; Cbln1 is 

expressed in cerebellum and known to be involved in synaptic organization (44, 45), while 

CTRP1 is expressed peripherally in multiple tissues, including adipose, and was found to have a 

role in glucose and lipid homeostasis (46). CTRP13 is a member of the C1q-like subfamily 

expressed in brain cortical regions and retina with some role in regulating synaptogenesis (47). 

Interestingly, all the CTRPs cloned showed some degree of binding to PS, Cer1P, and 

especially ST (Figure 5B). As with adiponectin, this lipid binding appeared to depend on 

oligomerization mediated by disulfide bonds, as illustrated by loss of binding of reduced versus 

native CTRP1 (Figure 5C). Affinities to various lipids generally appeared to follow the pattern of 

adiponectin, but some variability was observed among family members. CTRP1 in particular 

had much stronger binding to PS relative to ST than any of the other proteins. Cbln1 also 

appeared to have a higher affinity for ST, as suggested by the high degree of binding to ST 

liposomes despite lower concentrations in the supernatant. In other blots, binding of Cbln1 to 
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Cer1P and PS was similar to that of adiponectin (Figure 5D). Of note, the CTRPs cloned 

differed quite dramatically in their level of expression in Expi293 cells: CTRP5 and CTRP13 

were poorly expressed relative to Cbln1, CTRP1, and adiponectin, which limited assessment of 

lipid binding.  

The similar patterns of affinity for PS, ST, and Cer1P ligands of CTRP1 and R134A 

adiponectin, versus that of WT adiponectin and the other CTRP family members cloned, 

prompted an examination of the amino acid sequences to determine whether the observed 

differences might be explained by variation in arginine or other basic residues. Alignment of 

consensus sequences of human and murine C1qC, human and murine adiponectin, and murine 

Cbln1, CTRP1, CTRP5, and CTRP13 was performed with Uniprot (Supplementary Figure S10) 

and basic structural features were annotated using Uniprot data, existing crystal structures, and 

predicted structures predicted by the I-TASSER threading algorithm (48). In this alignment, the 

R134 residue of murine adiponectin was conserved across human adiponectin as well as 

mouse and human C1qC, as discussed (green triangle). This arginine was also partially 

conserved in Cbln1, CTRP5, and CTRP13 (substituted with a lysine in CTRP13, shifted by a 

few residues in Cbln1 and CTRP5), but was lost in CTRP1, which has a valine in the equivalent 

position and no nearby positive residues. Notably, all family members including CTRP1 have 

positive residues further upstream in the C1 solvent-exposed loop. The sequence of the CTRP1 

C1 solvent-exposed loop is thus electrostatically similar to the R134A adiponectin mutant. 

Interestingly, the sequence alignment also showed strong conservation of the C39 cysteine 

residue of murine adiponectin across all family members (blue triangle), which might be 

expected to have an analogous role in protein oligomerization via disulfide bonds.  

 

DISCUSSION 

In this study, we have demonstrated that adiponectin is a lipid binding protein that selectively 

binds various anionic phospholipids and sphingolipids, including PS, Cer1P, and ST, both in the 
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context of synthetic liposomes, biological cell membranes, and LDL. Using site directed 

mutagenesis, we further determined that lipid binding occurs via the C1q domain, which is 

necessary and sufficient for binding; but also requires protein oligomerization via disulfide bonds 

at the C39 residue in the collagenous domain. Furthermore, we observed that the properties of 

the amino acids in the C-terminal solvent-exposed loops modulate selectivity for various lipid 

ligands, as mutation of the R134 residue changed the relative affinity of adiponectin for Cer1P 

and PS. More generally, we found that other representative CTRP family members bind to 

similar lipid ligands in a similarly oligomerization-dependent manner, and observed that natural 

variability in the amino acid composition of the first C-terminal solvent-exposed loop 

corresponds to differences in binding affinity to PS vs. Cer1P. Other solvent-exposed loops are 

also likely to contribute; for instance the (Y/F)FGGWP sequence in the C3 loop of CTRP5 was 

noted in previous crystallographic studies to form a hydrophobic patch, which may help stabilize 

lipid ligand binding (49). Given their lower sequence conservation, in comparison to the C1q β-

sheet jelly roll core, it is possible that variation in these solvent exposed loops may have allowed 

the affinity of CTRPs for various ligands to be tuned over evolutionary time.  

The observed lipid-binding properties of adiponectin with preference for anionic 

phospholipids and sphingolipids is consistent with the observed binding of C1q to CL and PS 

(23, 30). Though C1q lipid binding was not directly tested in this study, it is likely given its known 

lipid tropism that adiponectin and C1q bind similar lipid ligands. The conservation of this 

property across CTRP family proteins also fits with the more general carbohydrate- and 

phospholipid-binding properties of the structurally similar collectins and ficolins, such as 

mannose-binding lectin, surfactant protein, and others. For C1q, collectins, and ficolins, 

collectively referred to as “defense collagens,” ligand binding has a well-known role in 

neutralizing and opsonizing microbes. The current data on adiponectin, demonstrating lipid 

binding without apparent lipid transfer activity, suggest an analogous role as a physiological 

opsonin for extracellular lipids like LDL and other membranous debris enriched in target anionic 
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phospholipids and sphingolipids. While adiponectin-mediated lipid uptake was not directly 

shown in this study (given confounding C1q secretion by phagocytes), a role for adiponectin in 

opsonization is corroborated by the relatively stable binding to target liposomes during pulldown 

experiments, which withstands multiple washes; lack of lipid transfer activity; and theoretical 

orientation of bound adiponectin with C1q heads in toward target lipids and collagen tails 

outward, available for recognition by phagocyte collagen and scavenger receptors. It is also 

supported by published data that adiponectin and C1q promote engulfment of apoptotic cells by 

a shared pathway (22).  

While opsonization of lipids followed by uptake by phagocytosis is likely a shared 

function of C1q, adiponectin, and CTRPs, as well as some collectins and ficolins, each of these 

proteins may also have specific functions depending on their additional binding partners. C1q, 

mannose-binding lectin, and ficolins, for instance, can fix complement via C1r/s or MASP serine 

proteases (50), while adiponectin uniquely engages the Adipor1/2 receptors and generally does 

not activate complement in the native circulating state (51, 52) (Schematic 1). These specific 

functions may be key in differentiating the biological roles of the CTRPs, especially since they 

bind similar lipid ligands. In the case of C1q and adiponectin, with their similarly high abundance 

and ubiquitous distribution, these functions may largely complement each other, but could also 

compete. Adiponectin binding may mask a fraction of substrates from C1q, which despite 

having an important anti-inflammatory role in clearance of cellular debris, still may generate 

inflammatory cleavage products if a critical amount of C3b is deposited (53). By engaging 

Adipor1/2 receptors, inducing Appl- and Cav3-mediated receptor endocytosis, and stimulating 

ceramidase activity, adiponectin may additionally promote digestion and recycling of bound lipid 

cargo, removing them from the extracellular environment. Though the hydrolytic activity of the 

Adipor1/2 receptors was characterized for ceramides, a similar reaction can theoretically act on 

analogous bonds in other phospholipids and sphingolipids as long as they can enter the active 

site, which may be impeded by the anionic head groups of adiponectin target lipids, but could 
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occur if Adipor1/2 receptor activity is paired with nearby phosphatases or glycosidases, or if the 

head groups are cleaved by other enzymes upon endocytosis. This assumes that lipid binding 

does not interfere with binding to the receptor, which cannot currently be determined as the 

residues of adiponectin involved in interaction with Adipor1/2 have not been reported. It is 

conceivable, however, especially in an adiponectin oligomer, that subunits not involved in lipid 

binding may be available for receptor ligation. 

The common chemical properties of the lipids bound by C1q and adiponectin is notable, 

and begs the question of whether this is a feature of material that can or needs to be opsonized. 

PS for instance is well-known to mark apoptotic cells, and CL is associated with necrotic cell 

death, as it is typically sequestered in the inner membrane of the mitochondria. Less is known 

about Cer1P, a phosphorylated ceramide only present in minute quantities in whole cells, and 

ST, a sphingolipid present in most cell membranes and enriched in myelin sheaths. Both 

however have been observed to be secreted by cells into culture media (54), with ST being 

preferentially secreted in extracellular vesicles from senescent fibroblasts (55). ST also induces 

inflammation in microglia (56), and predisposes to seizures if accumulated in neurons (57).  

Notably, the lipid binding by adiponectin and CTRPs was seen to depend both on target 

lipid density and protein oligomerization via disulfide bonds at C39. One explanation for this is 

that the individual lipid-protein interactions are relatively weak, and multiple interactions, i.e. 

through the multiple head subunits of an adiponectin oligomer, are necessary for sufficient 

avidity for stable binding. In physiological contexts, where target lipid abundance may be much 

lower (around 3-10% for PS and ST, and <0.1% for Cer1P in some membranes (58, 59)), 

patches of high target-lipid density may be assembled by lipoproteins, membrane rafts or 

scaffold proteins. This requirement for high target-lipid density and protein oligomerization for 

binding may be significant in providing a basis for regulating the extent and location of lipid 

binding by CTRPs.  
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Thus, our working model is that adiponectin HMW/MMW oligomers preferentially bind to 

high-density patches of anionic phospholipids/sphingolipids in LDL, apoptotic cell membranes, 

or other vesicular/membranous debris; and subsequently mediate their delivery to cells with 

adiponectin receptors for recycling by the receptor intrinsic ceramidase activity, or phagocytes 

that can recognize the collagenous domain (Schematic 2). This removes those lipids from 

extracellular spaces in tissue or vessels where they can cause issues with insulin sensitivity, 

inflammation, and/or inappropriate complement fixation after deposition of C1q. LMW/globular 

adiponectin may then complement this opsonization activity by promoting receptor activation 

without lipid delivery, thus priming the metabolic state of the tissue for lipid oxidation. This model 

is corroborated by the lipidomics analysis of plasma from WT and Adipoq -/- mice. It is also 

consistent with the known metabolic effects of adiponectin and suggests a more complete 

understanding of how it may achieve these effects. For instance, the protective effect of 

adiponectin against insulin resistance may result from targeting of adiponectin-bound lipids to 

macrophages and AdipoR1/2-expressing cells and improving clearance of pathogenic ectopic 

lipid debris, in addition to simple receptor activation. Clearance of LDL facilitated by adiponectin 

binding may also explain how adiponectin slows development of atherosclerosis in addition to 

directly limiting inflammation in macrophages (3, 60). The findings have interesting implications 

for the role of adiponectin-mediated lipid binding in metabolic disease, given the currently 

unexplained association of HMW vs LMW adiponectin with protection against Type 2 diabetes 

and metabolic syndrome (19, 20), the observed induction of and binding to exosomes by 

adiponectin (15, 61), and the role of exosomes in adipose tissue biology (62). The 

generalizability of this model to other CTRPs and the role of lipid binding in their function also 

remains an open question. Continuing research in this area will be instrumental in building a 

clearer understanding of extracellular lipid handling and its role in organismal health and 

disease. 
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MATERIALS AND METHODS 

Additional methods and technical details are available in the Supplementary Information. 

 

Protein expression and isolation 

cDNAs for murine adiponectin and CTRPs were derived from adipose, brain, and other cDNA 

libraries and cloned into pcDNA 3.1 vectors with V5 6x His tags at the C-terminus. Proteins 

were then expressed using the Expi293 mammalian cell expression system. On day 5 post 

transfection, protein was harvested, passed through a 0.22 μm-pore filter to remove residual 

cellular debris, then incubated with Ni NTA beads overnight. Beads were then washed and 

eluted using imidazole in HNC isolation buffer (25 mM HEPES, 150 mM NaCl, 1 mM CaCl2, pH 

7.4). Protein fractions were collected and concentrated using Amicon-Ultra 3- or 10-kDa 

molecular weight cut-off centrifugal spin filters (Millipore), then washed three times with HNC 

buffer to remove imidazole. A280 of the final isolate was measured by nanodrop. Protein was 

then kept at 4°C until use or snap frozen in liquid nitrogen and kept at -80°C for longer storage. 

 

Dot blot 

Dot blots were either obtained commercially from Echelon Biosciences and Avanti Polar Lipids, 

or made from candidate lipids (obtained from Avanti Polar Lipids) spotted on 0.45 μm-pore 

nitrocellulose strips (2 μg/spot); 2 μl of anti-V5 antibody (Invitrogen, 46-0705) sometimes 

spotted as positive control. Dot blots were first blocked with 3% fatty acid-free BSA in TBST, 

then incubated with tagged, expressed protein in unpurified cell culture supernatant overnight. 

Blots were subsequently washed and probed with rabbit anti-6x His primary antibody (1:1000), 

followed by goat anti-rabbit peroxidase-conjugated secondary antibody, then developed using 

chemiluminescence substrate.  

 

Liposome pulldown assay 
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In brief, 1000 nm sucrose-containing liposomes of varying lipid composition, with 1% 

rhodamine-PE for visualization, were synthesized (see Supplementary Information for extended 

methods). Liposomes (final concentration 0.5 mM) were then incubated with 10 μg/mL isolated 

recombinant protein in the presence of 10 mg/mL fatty acid-free BSA block in HNC buffer at 

37°C for 1 hr. Reduced protein, when used, was prepared by adding β-mercaptoethanol to a 

final concentration of 2% to the 10 μg/mL recombinant protein stock before addition to lipids. 

After binding, liposomes were diluted with 500μl of HNC, centrifuged at 15000 rpm x 15 min, 

then washed with an additional 500 μl HNC. Finally, pellets were resuspended in 25 μl HNC and 

added to a black opaque low-adsorption 96-well assay plate (Corning 3991) containing 3 μl 10% 

Triton X-100, and rhodamine fluorescence was measured. Samples were then denatured with 

5x SDS non-reducing sample buffer, boiled, and analyzed by Western blot for the V5 tag. For 

each protein in each experiment, liposome-bound samples were run alongside excess unbound 

protein in supernatant, diluted 1:20, for comparison.  

 

LDL flotation assay 

As in liposome pulldown assays, human LDL (final concentration 1 mg/mL) were incubated with 

10 μg/mL isolated recombinant protein in the presence of 10 mg/mL fatty acid-free BSA block 

and 1 mg/mL Sudan black in HNC buffer at 37°C for 1 hr. Reduced protein prepared as above. 

After incubation, 50 μL of the LDL and protein mixture was added to 280 μL OptiPrep iodixanol 

solution to make a 330 μL, 1.25 g/mL layer, which was overlaid with 330 μL 70% OptiPrep, 

670μL 36% OptiPrep, and 670 μL HNC buffer. Pairs of protein gradients were then 

ultracentrifuged at 50000 rpm x 20 hrs at 4°C with no brake on an Optima TL benchtop 

ultracentrifuge (TLS-55 rotor). Fractions were collected by puncture from the bottom of the tube, 

and absorbance of fractions at 600 nm was measured. Selected fractions were then collected 

into 5x non-reducing SDS sample buffer and analyzed by Western blot for V5. 
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Protein-bound lipid analysis by liquid chromatography-mass spectrometry (LC-MS) and tandem 

mass spectrometry (MS/MS) 

Expressed proteins were concentrated to 80-100 ul using an Amicon-Ultra 3 kDa MWCO spin 

filter, then snap frozen in liquid nitrogen and stored at -80°C until shipping. Subsequent LC-MS 

and MS/MS analysis was performed by the Scripps Center for Metabolomics and Mass 

Spectrometry. Samples were extracted 50:50 methanol:acetonitrile (ACN) and lipid extracts 

were analyzed by LC-MS (Bruker Impact II Q-TOF coupled to an Agilent 1200 LC stack). 

Positive ions were analyzed using XCMS software. MS/MS analysis was performed on m/z = 

870.74.  The resulting MS/MS spectral peaks were then searched against various databases in 

METLIN and LipidMaps. The prediction for sulfatide was found using the glycerophospholipid 

search tool in LipidMaps (http://www.lipidmaps.org/tools/ms/glycosylcer_gen.html). 

 

Plasma collection and lipidomics 

8-10-week old male WT C57B6/J (JAX Stock No. 000644) and Adipoq -/- mice (B6;129-

Adipoqtm1Chan/J, JAX Stock No. 008195) were housed in an SPF-facility with regulated 12 hr 

light-dark cycles with ad libitum access to standard chow and water. Whole blood was 

harvested by retro-orbital bleeding, and plasma was isolated using lithium-heparin coated 

plasma separator tubes (BD 365985) and stored at -20°C. Lipidomics was performed by the 

West Coast Metabolomics Center at UC Davis. In brief, extraction of samples was performed in 

MTBE with addition of internal standards, followed by ultra-high-pressure liquid chromatography 

on a Waters CSH column, interfaced to a QTOF mass spectrometer. Data were collected in 

both positive and negative ion mode, and analyzed using MassHunter (Agilent). 

 

Quantification and Statistical Analysis 

Films and images were quantified using FIJI software. For all liposome pulldown assays, band 

densities were normalized to total pellet rhodamine fluorescence measured before lysis.  
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Averages, standard deviations (S.D.), and statistical significance were calculated in GraphPad 

Prism.  Students t-tests (two-tailed) were used for single comparisons between groups. Where 

multiple comparisons were made to the same control group, ANOVA with Dunnett’s correction 

for multiple testing were used. p-values less than 0.05 were considered significant.  
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Figure 1. Adiponectin binds multiple negatively charged phospholipids and 

sphingolipids.  

(A) Binding of recombinant murine adiponectin to lipids on lipid strips, quantified at right. Density 

normalized to blank or reference spot. n ≥ 3 experiments.  

(B) Binding of adiponectin to liposome lipids in pulldown assay. Adiponectin in pellet fractions 

(liposome bound), and excess in supernatant (Sup) shown. Percentage of target lipids in 

liposomes indicated above each lane. Two exposures shown to highlight strong and weak 

bands.  
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(C) Densiometric quantification of adiponectin V5 signal in liposome pulldown Western blots 

over multiple experiments. Band densities normalized to liposome rhodamine fluorescence and 

averaged over n ≥ 5 experiments. Error bars represent S.D. from the mean. Statistical 

significance of binding over blank/reference (A) or over DOPC (C) assessed by one-way 

ANOVA with Dunnett’s correction. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.  
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Figure 2. Lipid binding properties of adiponectin are mediated by the C1q domain, and 

are altered by R134A mutation.  

(A) Binding of WT adiponectin, and collΔ, C1qΔ mutants to liposome lipids by pulldown assay. 

Liposome composition labeled above each lane: PC = 99% DOPC, PS = 99% PS, ST = 75% 

ST, C1P = 60% Cer1P. Liposome-bound and excess unbound protein (Sup) shown for 

comparison. Normalized band density averaged over n ≥ 2 experiments graphed at right.  

(B) Position of adiponectin residues selected for site-directed mutagenesis relative to a potential 

ST binding site predicted using SwissDock on a crystal structure of a single-chain trimer of 

globular recombinant human adiponectin (4DOU) (31, 32).  
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(C) Lipid binding of WT adiponectin and point mutants by liposome pulldown. Quantification as 

above over n ≥ 2 experiments.  

Error bars represent S.D. from the mean. ** p < 0.01, * p < 0.05.   
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Figure 3. Oligomerization of adiponectin via disulfide bonds required for lipid binding.  

(A) Possible inter-trimer disulfide bond orientations in adiponectin multimers giving rise to 

observed ~60 kDa and ~30 kDa bands on non-reducing denaturing SDS-PAGE Western blot, 

which disrupts intra-trimer hydrophobic interactions.  

(B) Liposome binding of adiponectin and RBP4 in normal (oxidized) or reducing conditions with 

2% β-mercaptoethanol.  

(C) Binding of WT and C39S adiponectin to lipids in liposomes. Excess unbound protein in 

supernatant shown at right. Quantification normalized to total liposome pellet fluorescence 

below, expressed as mean and S.D. over n = 3 experiments. ** p < 0.01, * p < 0.05. PC = 99% 

DOPC, PS = 99% PS, ST = 75% ST, C1P = 60% Cer1P. 

  

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 20, 2019. ; https://doi.org/10.1101/776690doi: bioRxiv preprint 

https://doi.org/10.1101/776690


 31 

 

 

Figure 4. Adiponectin binds lipids in physiological context.  

(A) Adiponectin binds LDL lipids in oligomerization-dependent manner. (Top) Adiponectin 

protein in sequentially eluted iodixanol gradient fractions in LDL flotation assay, as detected by 

Western blot. Fraction number above each lane. Inset photograph shows banding pattern of 

LDL, stained with Sudan black, in the iodixanol gradient after ultracentrifugation. (Bottom) 

Quantification of Sudan black absorbance (upper) and adiponectin protein in Western blots 

(lower) in sequential gradient fractions. Yellow bars highlight Sudan black peaks corresponding 

to the location of LDL in the gradient. Representative blots and graphs of n = 3 experiments 

shown.  

(B) Adiponectin isolated from cell culture associated with sulfatide. (Left) LC-MS lipid peak with 

high binding to adiponectin but no binding to C1qΔ deletion mutant or Rbp4 control protein. 

(Right) MS/MS fragmentation of the m/z = 870.74 peak. (Bottom) Characteristics of predicted 
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lipid with the observed fragmentation pattern found using the LipidMaps glycosylceramide 

search tool. 

(C) Shotgun lipidomics analysis of plasma of WT and Adipoq KO mice. Peak intensity reads, 

normalized to that of the corresponding internal standard, summed over all identified lipids 

within a category and graphed as fold change relative to the WT average for that lipid. Error 

bars reflect S.D. from the mean. Open circles represent values from individual mice.   ** p < 

0.01, * p < 0.05. Unmarked bars were found to be not significantly different from WT. 
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Figure 5. Other C1qTNF-related proteins also bind lipids in liposomes with similar but 

slightly different patterns of affinity.  

(A) Simplified tree diagram showing relationships between CTRP family members cloned for 

this study.  

(B) Liposome pulldown assays showing binding of Cbln1, CTRP1, CTRP5, and CTRP13 to 

liposomes with various target lipid ligands. Composition of liposomes indicated above. PC = 

99% DOPC, PS = 99% PS, PS 75 = 75% PS, ST = 75% ST, C1P = 60% Cer1P, Cer = 60% 

C16 ceramide. 

(C) Loss of lipid binding of CTRP1 to target lipids in liposomes in reducing conditions.  

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 20, 2019. ; https://doi.org/10.1101/776690doi: bioRxiv preprint 

https://doi.org/10.1101/776690


 34 

(D) Quantification of CTRP lipid binding in liposome pulldown blots. Band density normalized to 

liposome pellet rhodamine fluorescence. n.t. = not tested. Bars represent mean and S.D. over n 

≥ 2 experiments.   
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Schematic 1. Binding of adiponectin to anionic sphingo/phospholipids fits with the 

known structural and ligand-binding features of C1q, collectins, and ficolins, but fills a 

unique functional niche in metabolism. Similarities and differences between various CTRP, 

collectin, and ficolin family proteins in terms of oligomeric structure, C- and N-terminal domains, 

C-terminal binding targets, and currently understood function. Possible shared features, like 

binding, opsonization, and elimination of self-targets indicated in grey. Additional possible 

unique outcomes for each protein indicated in color-coded boxes. Adipoq = adiponectin, MBL = 

mannose-binding lectin, SFD = surfactant protein D, and FCN1 = ficolin 1.   
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Schematic 2. Binding of negatively-charged lipids by adiponectin may promote clearance 

and limit complement-mediated inflammation. Adiponectin, C1q, and other CTRP family 

proteins appear to bind similar target lipids, including PS, Cer1P, and ST potentially found in 

lipoproteins, exosomes, and membranous debris. Unlike C1q, however, adiponectin does not 

generally activate the complement cascade, and may mediate clearance by binding AdipoR1/2. 

The collagenous N-terminal domain may also permit uptake via macrophages scavenger 

receptors. In this way, adiponectin may both promote clearance and recycling of lipid debris, 

and dampen activation of complement by competing for overlapping lipid targets. 
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