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SUMMARY

N-acyl amino acids are a family of cold-inducible circulating lipids that stimulate thermogenesis. 

Their biosynthesis is mediated by a secreted enzyme called PM20D1. The extracellular 

mechanisms that regulate PM20D1 or N-acyl amino acid activity in the complex environment of 

blood plasma remains unknown. Using quantitative proteomics, here we show that PM20D1 

circulates in tight association with both low- and high-density lipoproteins. Lipoprotein particles 

are powerful co-activators of PM20D1 activity in vitro and N-acyl amino acid biosynthesis in vivo. 

We also identify serum albumin as a physiologic N-acyl amino acid carrier, which spatially 

segregates N-acyl amino acids away from their sites of production, confers resistance to hydrolytic 

degradation, and establishes an equilibrium between thermogenic “free” versus inactive “bound” 

fractions. These data establish lipoprotein particles as principal extracellular sites of N-acyl amino 

acid biosynthesis and identify a lipoprotein-albumin network that regulates the activity of a 

circulating thermo- genic lipid family.
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N-acyl amino acids are a family of lipid hormones that stimulate thermogenesis. Kim et al. 

uncover lipoprotein particles as sites for N-acyl amino acid biosynthesis and serum albumin as a 

physiologic N-acyl amino acid carrier. These highly abundant plasma proteins regulate the 

metabolism and bioactivity of a circulating lipid family.

INTRODUCTION

Circulating metabolites are powerful regulators of intercellular communication and 

organismal energy homeostasis. While many classical examples include endocrine hormones 

such as steroids, biogenic amines, and the thyroid hormones, many new signaling molecules 

are still being uncovered (Cao et al., 2008; Grevengoed et al., 2019; Leiria et al., 2019; Liu 

et al., 2013; Lynes et al., 2017; Roberts et al., 2014; Yore et al., 2014). Recently, we have 

reported that certain N-acyl amino acids, including N-acyl-phenylalanines and N-acyl-

leucines, are circulating lipid metabolites that regulate energy metabolism (Lin et al., 2018; 

Long et al., 2016, 2018). These “thermogenic” N-acyl amino acids are physiologically 

elevated in the blood following chronic cold exposure and robustly stimulate UCP1-

independent mitochondrial uncoupling (Keipert et al., 2017; Lin et al., 2018) and whole-

body energy expenditure (Long et al., 2016).

The biosynthesis of N-acyl amino acids is mediated by PM20D1, an extracellular N-acyl 

amino acid synthase/hydrolase (Long et al., 2016, 2018). PM20D1 is one of five members of 

the mammalian M20 peptidase family (Kim et al., 2019) and is endogenously secreted from 

several tissues including brown fat, liver, kidney, and intestine (Schaum et al., 2018). 

Genetic elevation of circulating PM20D1 drives the biosynthesis of a broad panel of plasma 

N-acyl amino acids including N-oleoyl phenylalanine and N-oleoyl leucine and leads to a 

hypermetabolic phenotype (Long et al., 2016). Conversely, PM20D1-knockout mice exhibit 

glucose intolerance and insulin resistance (Long et al., 2018). In humans, the PM20D1 gene 

has been to both obesity and Alzheimer’s disease (Benson et al., 2019; Bycroft et al., 2018; 

Sanchez-Mut et al., 2018; Sudlow et al., 2015). More recently, a second intracellular N-acyl 

amino acid synthase/hydrolase has also been reported (Kim et al., 2020). Taken together, 

these data provide powerful enzymological and genetic evidence that PM20D1 and N-acyl 

amino acids are critical regulators of energy metabolism in both rodents and humans.

While the purified PM20D1 polypeptide is sufficient to catalyze N-acyl amino acid synthesis 

and hydrolysis in vitro (Long et al., 2016), how the PM20D1/N-acyl amino acid pathway is 

regulated in a complex physiologic environment such as blood remains unknown. Using a 

quantitative proteomic approach, here we show that PM20D1 circulates in tight association 
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with both low- and high-density lipoprotein particles. Lipoprotein particles are co-activators 

of PM20D1 activity in vitro and N-acyl amino acid biosynthesis and in vivo. We also 

demonstrate that albumin is a physiologic N-acyl amino acid carrier, which spatially 

segregates N-acyl amino acids away from their site of biosynthesis, confers resistance to 

hydrolytic degradation, and acts as a buffer between biologically active “free” versus 

inactive “bound” N-acyl amino acids. These data establish lipoproteins as biosynthesis sites 

and serum albumin as a plasma carrier for a family of circulating lipid metabolites.

RESULTS

Proteomic identification of PM20D1 interacting proteins

To identify proteins that interact with PM20D1, primary brown adipose tissue (BAT) and 

inguinal white adipose tissue (iWAT) adipocytes were transduced with adenoviruses 

expressing a C-terminally flag-tagged PM20D1 construct or LacZ control. On day 6 of 

differentiation, at a time when the adipocytes were robustly expressing and secreting 

PM20D1-flag, conditioned media was harvested. A mild anti-FLAG immunoaffinity 

purification (IP) protocol was then used to capture PM20D1-flag and any PM20D1 

interacting proteins. Silver staining of the immunoaffinity purified elution from either LacZ- 

or PM20D1-flag transduced cells revealed enrichment of a ~60kDa band corresponding to 

PM20D1-flag as well as several other bands (Fig. 1a and b). Most notably, several very high 

molecular weight proteins (>250kDa) and a low molecular weight protein (~25kDa) were 

reproducibly identified in anti-flag immunoaffinity purifications from both BAT and iWAT 

cells.

To determine the identity of these proteins, LacZ and PM20D1 samples were labeled with 

tandem mass tags for quantitation, pooled, and analyzed by shotgun proteomics (Tables S1 

and S2). In total, 480 and 683 proteins with at least one peptide were detected in the BAT 

and iWAT samples, respectively (Fig. 1c and d). As expected, PM20D1 was abundantly 

detected (207 and 171 peptides in BAT and iWAT samples, respectively) and highly enriched 

in PM20D1-IP versus LacZ-IP (14- and 9-fold, respectively). Using a cut-off of at least 2-

fold enrichment in the PM20D1 samples and requiring at least 2 peptides per protein to 

avoid ambiguous protein assignments, a total of 45 and 55 proteins were identified to be 

enriched in the PM20D1-IP in BAT and iWAT, respectively. These proteins were pooled 

together and subjected to Gene Ontology Enrichment Analysis. Remarkably, 8 out of 15 

biological processes (53%) with at least 50-fold enrichment were classified as related to 

lipoprotein metabolism (Fig. 1f). Confirming this global analysis, manual inspection of the 

proteomics dataset revealed that several apolipoproteins were enriched in PM20D1-IP 

samples from both BAT and iWAT cells (Fig. 1g). These enriched apolipoproteins include 

APOA1 and APOB, the major proteinaceous components of high- and low-density 

lipoproteins, respectively. These data therefore demonstrate that PM20D1 robustly interacts 

with lipoproteins in conditioned media of both brown and iWAT adipocytes.

PM20D1 is exclusively localized to lipoproteins in mice and human plasma

Lipoproteins are a heterogeneous collection of circulating particles that function to traffic 

triglyceride and cholesterol between tissues. In addition to apolipoproteins, >50 additional 
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lipoprotein-associated polypeptides have also been identified. Surprisingly, PM20D1 has not 

been previously identified as a lipoprotein-associated factor. We therefore sought to validate 

whether PM20D1 interacts with lipoproteins in vivo, and if so, on which lipoprotein 

fractions. Because we have not yet identified an anti-PM20D1 antibody of sufficient 

sensitivity and selectivity for measurement of endogenous PM20D1 levels, instead we used 

two orthogonal approaches as surrogate measurements: (1) anti-Flag western blotting for 

overexpressed epitope-tagged PM20D1 and (2) N-acyl amino acid enzyme activity assays on 

plasma.

First, mice were transduced with epitope-tagged PM20D1-flag using adeno-associated virus 

(AAV serotype 8). We had previously demonstrated that this virus largely infects the liver 

and results in the robust secretion of PM20D1-flag into the blood (Long et al., 2016). As a 

control, mice were transduced with AAV-GFP. After a one-week transduction period, plasma 

was harvested from AAV-PM20D1 and AAV-GFP mice (n=5/group). First, we measured 

total N-acyl amino acids in both treatment groups by targeted liquid chromatography-mass 

spectrometry (LC-MS). As expected (Long et al., 2016), several N-acyl amino acids were 

dramatically increased by PM20D1 overexpression, including N-oleoyl-leucine (5.8-fold) 

and N-oleoyl-phenylalanine (10.3-fold) (Fig. 2a). Next, plasma from each treatment group 

was pooled and fractionated by fast protein liquid chromatography (FPLC) using a size-

exclusion column (SEC) to separate the lipoprotein fractions away from albumin and other 

highly abundant proteins in blood. Under this protocol, the vast majority of proteins, 

including albumin were found in fraction 18–19 as indicated by the high protein 

concentration in those fractions (orange curves, Fig. 2b, c). APOB-containing low-density 

lipoproteins were predominantly found in the earliest fractions (fractions 9–16) and APOA1-

containing high-density lipoproteins eluted in fraction 17 (Fig. 2b, c). PM20D1-flag was 

most abundantly detected in fractions 12–16 and coeluting with APOB, though some was 

also found in the APOA1+ fraction 17 (Fig. 2b). PM20D1-flag was absent in fractions 17 

and 18 where the majority of plasma proteins eluted (Fig. 2b), establishing that PM20D1 is 

entirely associated to lipoproteins. Importantly, the PM20D1-flag band was specific because 

no corresponding band was found in any AAV-GFP fractions (Fig. 2c). By quantitation of 

total anti-flag band intensities, 91% was localized to an APOB+ fraction and the remaining 

9% on an APOA1+ fraction (Fig. 2b).

To confirm the lipoprotein association of PM20D1 using a second approach, a highly 

selective and previously validated mass spectrometry-based PM20D1 enzyme activity assay 

was used (Long et al., 2016, 2018). Fractionated plasma samples from AAV-PM20D1 and 

AAVGFP mice were incubated with a prototypical N-acyl amino acid substrate N-

arachidonoyl glycine (C20:4-Gly) and hydrolysis to arachidonic acid was monitored by LC-

MS (Fig. 2b, c). In AAV-PM20D1 samples, the C20:4-Gly hydrolysis activity largely co-

localized in the same fractions in which the PM20D1-flag protein was detected (Fig. 2b). In 

AAV-GFP control mice, a C20:4-Gly hydrolysis activity was also robustly detected in the 

lipoprotein fractions (Fig. 2c), with the predominant difference versus AAV-PM20D1 

samples being only in the magnitude of activity (average of 11.9 and 0.2 nmol/min/ml across 

all the fractions for AAV-PM20D1 and AAV-GFP, respectively, P = 0.008). To critically test 

whether endogenous PM20D1 is responsible for the activity observed in AAV-GFP control 

mice, we isolated plasma from a cohort of PM20D1-WT and PM20D1-KO animals under 
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basal conditions without any viral transduction. Plasma was again fractionated using the 

same FPLC-SEC protocol as described above. In PM20D1-WT mice, an N-acyl amino acid 

hydrolysis activity was again detected in fractions 9–15, with peak activity in fractions 12 

and 13 (Fig. 2d). All of the N-acyl amino acid hydrolysis activity was abolished in PM20D1-

KO plasma (Fig. 2d). Parallel experiments monitoring the conversion of oleic acid to N-

oleoyl-phenylalanine also demonstrate that PM20D1-containing lipoproteins can catalyze N-

acyl amino acid biosynthesis (Fig. 2e). Taken together, these data demonstrate that 

overexpression of PM20D1 drives localization of PM20D1 protein exclusively to lipoprotein 

fractions. Moreover, PM20D1 is also endogenously trafficked on lipoproteins.

In humans, the PM20D1 gene also encodes a classically secreted enzyme that catalyzes 

bidirectional N-acyl amino acid synthesis/hydrolysis (Benson et al., 2019; Long et al., 

2016). Considering species differences in lipoprotein composition between rodents and 

humans, as well as the lack of a previously reported N-acyl amino acid hydrolysis activity in 

human plasma, it has remained unclear whether a PM20D1 activity is detectable in human 

plasma and whether such an activity would localize to lipoproteins. To address this question, 

commercially available pooled human plasma was fractionated by FPLC-SEC. The 

fractionated human plasma was then analyzed by N-acyl amino acid hydrolysis activity and 

Western blotting. As shown in Fig. 2g, human plasma N-acyl amino acid hydrolysis activity 

was also localized to earlier lipoprotein fractions with peak activity observed in fraction 16 

corresponding to an APOA1+ high density lipoprotein fraction, though activity was 

detectable in all lipoprotein fractions. This N-acyl amino acid hydrolysis activity was once 

again clearly separated away from the majority of proteins which eluted in fraction 18 and 

19. The human N-acyl amino acid hydrolysis activity was approximately 10-fold higher than 

that observed in mice (Fig. 2g). We therefore conclude that human plasma N-acyl amino 

acid hydrolysis activity is also associated to lipoproteins.

Lipoproteins co-activate PM20D1 and drive N-acyl amino acid biosynthesis

We next evaluated the possibility that lipoproteins might be an important in vivo regulator of 

PM20D1 activity. We generated recombinant, purified mouse PM20D1 with a C-terminal 

flag tag. We also purified low- and high-density lipoproteins (LDL and HDL, respectively) 

from PM20D1-KO mice by FPLC (see methods). Importantly, these isolated lipoproteins are 

devoid of any endogenous PM20D1 which would confound downstream enzyme activity 

measurements. PM20D1-deficient lipoproteins or PBS control were then incubated with 

recombinant PM20D1 overnight and in vitro enzyme activity assays were performed the 

next day. As expected, essentially no background activity was detected in control samples or 

PM20D1-KO lipoprotein only samples when recombinant PM20D1 was omitted (Fig. 3a). 

Recombinant PM20D1 (0.1 μg per reaction) yielded an enzyme activity of 130 nmol/min/mg 

hydrolysis activity for the conversion of C20:4-Gly to arachidonic acid. Co-incubation of 

recombinant PM20D1 with LDL resulted in a +154% increase in enzyme activity to 330 

nmol/min/mg (Fig. 3a). Similar experiments with HDL also resulted in an increased activity, 

though of a lower magnitude than LDL (+49% increase versus PM20D1 alone, Fig. 3a). 

These results demonstrate that lipoprotein particles powerfully co-activate PM20D1 enzyme 

activity in vitro.
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To determine whether lipoprotein particles could also augment PM20D1 activity in vivo, we 

turned to the classical APOE-knockout mouse model. APOE is a ligand for several 

lipoprotein receptors and APOE-KO mice consequently exhibit dramatic accumulation of 

lipoproteins in the blood. While APOE-KO mice are classically used as a model for 

atherosclerosis (Plump et al., 1992), these animals also exhibit a robust hypermetabolic 

phenotype characterized by resistance to diet-induced obesity and increased whole body 

energy expenditure (Chiba et al., 2003; Gao et al., 2007; Zhi et al., 2006). However, the 

precise molecular pathways underlying the metabolic phenotype in APOE-KO mice has 

remained unknown. Pooled WT and APOE-KO plasma was again fractionated by FPLC-

SEC. As expected, the majority of the proteins including albumin eluted in fractions 18–19, 

with lipoproteins eluting in earlier fractions (Fig. 3b). Western blotting of the FPLC 

fractions from APOE-KO mice confirmed complete loss of APOE protein and concomitant 

elevations in APOB and APOA1 (Fig. 3c). Remarkably, PM20D1 activity was dramatically 

elevated in lipoprotein fractions from APOE-KO mice versus WT mice (Fig. 3d), with the 

largest increases in enzyme activity observed over fractions 9 to 14. To dissect whether this 

dramatic increase in enzyme activity was due to increased PM20D1 activity alone or some 

combination of increased PM20D1 protein levels and activity, we pooled the intermediate 

FPLC fractions 10–12 from WT or APOEKO mice and performed shotgun proteomics. By 

spectral counting, we observed an 8-fold increase in PM20D1 protein levels in APOE-KO 

versus WT lipoprotein fractions (Supplemental Tables 3 and 4). By N-acyl amino acid 

hydrolysis activity, we observed a 30-fold difference in activity across these same fractions 

(6.0 versus 0.2 nmol/min/ml in APOE-KO versus WT samples). Taken together, we 

conclude that APOE-KO mice have dramatically increased lipoprotein-associated N-acyl 

amino acid hydrolysis activities which are due to both increased PM20D1 protein levels and 

also increased PM20D1 activity.

To determine if the observed increased PM20D1 activity would translate into altered 

circulating N-acyl amino acids, a panel of N-oleoyl and N-arachidonoyl amino acids from 

WT or APOE-KO mice was measured by targeted LC-MS (Fig. 3e). Consistent with the 

increased PM20D1 activity (Fig. 3d), APOE-KO mice also exhibited elevations in several N-

acyl amino acids, including a 3.2-fold and 3.6-fold increases in N-oleoyl-phenylalanine and 

N-oleoylleucine, respectively (Fig. 3e–g). Remarkably, the pattern of N-acyl amino acid 

accumulation in APOE-KO mice in terms of both N-acyl amino acid species and magnitude 

was nearly identical to that observed in the AAV-PM20D1 mice (Fig. 3e versus Fig. 2a). 

Plasma free fatty acid levels have been previously reported to be similar between APOE-KO 

and WT mice, suggesting that changes to free fatty acids are not likely to be a driver of these 

N-acyl amino acid changes (Grubb et al., 2014). These data establish that APOE-KO mice 

exhibit elevation of N-acyl amino acids in blood. We conclude that lipoproteins are powerful 

co-activators of PM20D1 activity in vitro and N-acyl amino acid biosynthesis in vivo. These 

observations also suggest that elevation of thermogenic N-acyl amino acids might contribute 

to the hypermetabolic phenotypes observed in APOE-KO mice.
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Serum albumin is a physiologic plasma N-acyl amino acid carrier and confers hydrolytic 
stability

Because of the lipoprotein localization for circulating PM20D1, we next considered the 

possibility that N-acyl amino acids might themselves also be constituents of lipoprotein 

particles. Alternatively, N-acyl amino acids may be localized to a site distinct from their 

biosynthetic origin. To differentiate between these possibilities, N-acyl amino acids from 

FPLC fractionated plasma of WT mice were analyzed by targeted LC-MS. To increase the 

signal to noise for detecting N-acyl amino acids across these diluted fractions, consecutively 

pooled FPLC fractions were analyzed. As shown in Fig. 4a, N-acyl amino acids were not 

found in the same FPLC fractions as PM20D1 or as other lipoproteins, demonstrating that 

these lipids are not constituents of lipoprotein particles. Instead, N-acyl amino acids were 

primarily detected in fraction 18–19, the same FPLC fractions where the majority of plasma 

proteins including albumin elute (Fig. 2b and Fig. 3b).

Beyond its most well-known characteristic as the most abundant individual protein in plasma 

(~40 mg/ml), albumin is also recognized as a key plasma carrier for many circulating 

hormones including steroids (Hammond, 2016) and thyroid hormones (Petitpas et al., 2003). 

The observation of N-acyl amino acids co-eluting in fractions 18–19 also suggested that 

plasma albumin may also function as a carrier for circulating N-acyl amino acids. A 

photocrosslinking analog of N-acyl amino acids was therefore used to probe the direct 

biochemical interaction of N-acyl amino acids with serum albumin (Long et al., 2016). This 

“photoprobe” contains a diazirine moiety which enables UV-dependent crosslinking and an 

alkyne handle for downstream click chemistry detection and visualization (Fig. 4b). 

Importantly, this photoprobe has been previously validated to also exhibit mitochondrial 

uncoupling in cells, demonstrating that the introduction of these chemical modifications 

does not alter the bioactivity of this compound (Long et al., 2016). Recombinant bovine 

serum albumin (BSA) was incubated in the presence of photoprobe (50 μM) or with 

photoprobe and four-fold molar excess of N-acyl amino acid competitors (200 μM). These 

samples were UV irradiated to crosslink photoprobe to albumin and copper-mediated click 

chemistry with TAMRA-azide was used to install a fluorophore on to any crosslinked 

photoprobe. As a negative control for UV-dependent crosslinking, photoprobe was incubated 

with albumin in the presence of ambient light. All samples were visualized by in-gel 

fluorescence for TAMRA. A robust, UV-dependent labeling with N-acyl amino acid 

photoprobe was observed, establishing that this N-acyl amino acid photocrosslinker can 

directly interact with albumin (Fig. 4c). Importantly, the photocrosslinking signal was 

competed in the excess presence of one of three “cold” N-acyl amino acids including N-

arachidonoyl-phenylalanine, N-oleoyl-leucine, or N-oleoyl-lysine (Fig. 4c). Taken together, 

these data demonstrate that N-acyl amino acids directly bind albumin.

Lastly, we reasoned that N-acyl amino acid binding to albumin may provide a steric 

“protective” mechanism to confer resistance to PM20D1-mediated hydrolysis. To directly 

test this possibility, in vitro hydrolysis activity assays were performed with recombinant 

PM20D1 in the presence or absence of BSA. Remarkably, co-incubation of physiologic 

concentrations of BSA (40 mg/ml) with C20:4-Gly provided complete resistance to 

hydrolysis by PM20D1 (Fig. 4d). A dose course of BSA revealed an ED50 of 0.5 mg/ml for 
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this protective effect (Fig. 4d). These data demonstrate that albumin-bound N-acyl amino 

acids are resistant to hydrolytic degradation. We speculate that this protective mechanism, 

along with the spatial segregation of N-acyl amino acids away from their sites of 

biosynthesis, may explain how PM20D1 can catalyze an otherwise thermodynamically 

unfavorable “synthase” reaction.

A protein binding equilibrium regulates biologically active “free” versus “bound” N-acyl 
amino acids

For other lipophilic hormones, protein binding separates biologically active “free” versus 

biologically inactive “bound” populations (Ekins, 1990; Goldman et al., 2017; Hammond, 

2016). To determine whether protein binding to N-acyl amino acids might serve a similar 

function, we first sought to determine the fraction of N-acyl amino acids that was free versus 

associated to protein (“bound”). Towards this end, total plasma from five pooled mice was 

fractionated using a 3 kDa molecular weight cut off filter and N-acyl amino acids in both the 

flow through and the retained fraction were analyzed by LC-MS/MS (Fig. 5a). On average, 

96.5% of total plasma N-acyl amino acids were bound to protein (Fig. 5b). This figure is of a 

similar magnitude to that previously observed for circulating testosterone (98% bound), 

estrogen (98% bound), and thyroxine (99.9% bound) (Ekins, 1990; Goldman et al., 2017; 

Hammond, 2016). These data therefore demonstrate that N-acyl amino acids are in 

equilibrium between free and protein-bound states in the plasma.

We next sought to determine if albumin-bound N-acyl amino acids and free N-acyl amino 

acids represented a biologically inactive and biologically active state, respectively. As a 

bioactivity assay, we used a respiration assay on murine C2C12 cells in which the cellular 

oxygen consumption rate is measured as a function of compound treatment. As expected, 

treatment of cells with the N-acyl amino acid C20:4-Gly robustly stimulated cellular 

respiration by +65% over pre-treatment levels, whereas treatment with DMSO control did 

not stimulate respiration (Fig. 5c). Pre-incubation of a C20:4-Gly with BSA (40 mg/ml) 

completely abolished the respiratory bioactivity of this N-acyl amino acid (Fig. 5c). 

Importantly, BSA alone did not have any effects on cellular respiration (Fig. 5c). We 

therefore conclude that “free” N-acyl amino acids represent the biologically active form of 

these circulating molecules, and that circulating N-acyl amino acid bioactivity is determined 

by plasma protein binding in a similar manner to that of other lipophilic hormones.

DISCUSSION

N-acyl amino acids and their biosynthetic enzyme, PM20D1, are a circulating biochemical 

pathway that controls mitochondrial respiration with potential disease relevance to human 

obesity and neurodegenerative diseases (Benson et al., 2019; Long et al., 2016; Sanchez-Mut 

et al., 2018, 2020). Here we establish a unifying framework for understanding the functional 

organization and regulation of this pathway in blood plasma. We demonstrate that PM20D1 

is an exclusively lipoprotein-associated enzyme. Lipoprotein association powerfully co-

activates PM20D1 activity in vitro and in vivo. We also identify serum albumin as a 

physiologic N-acyl amino acid carrier, which spatially segregates these bioactive lipids away 

from their site of biosynthesis, confers hydrolysis resistance, and functions to buffer 
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biologically active “free” versus biologically inactive “bound” N-acyl amino acid forms. 

These studies establish that the surface of PM20D1-containing lipoproteins represents a 

major site for N-acyl amino acid biosynthesis. Furthermore, N-acyl amino acids share 

plasma transport characteristics with other lipophilic hormones including thyroid hormone 

and sex steroids (Fig. 6). Whether PM20D1 and/or N-acyl amino acids might reciprocally 

regulate atherogenesis remains an open question.

As a genetic test of this model, we demonstrate that elevation of lipoproteins in the APOE-

KO mouse was sufficient to fully drive all downstream aspects of the PM20D1/N-acyl amino 

acid pathway, including augmentation of circulating PM20D1 activity and increased plasma 

N-acyl amino acid levels. In future studies, the physiological relevance of PM20D1 

activation by lipoproteins beyond these genetic models still remains to be determined. 

Besides its classical use as an atherosclerosis model, APOE-KO mice also exhibit a 

paradoxical leanness, increased energy expenditure, and protection from diet-induced 

obesity (Chiba et al., 2003; Gao et al., 2007; Zhi et al., 2006). This phenotype is consistent 

with what has previously been shown with systemic overexpression of PM20D1 in mouse 

models (Long et al., 2016). Interestingly, APOE-KO mice also exhibit robust protection 

from Alzheimer’s disease at both biochemical and functional levels (Bales et al., 1997, 

1999; Ganor et al., 2018), a second phenotype consistent with overexpression of PM20D1 in 

the brain (Sanchez-Mut et al., 2018). The activation of the PM20D1/N-acyl amino acid 

pathway may therefore be a contributor to the protection from metabolic and neurological 

diseases observed in APOE-KO mice.

The identification of serum albumin as a physiologic N-acyl amino acid carrier provides key 

insights into the metabolism, trafficking, and bioactivity of these thermogenic lipids. 

Albumin binding to N-acyl amino acids confers hydrolysis resistance as well as spatial 

segregation from their sites of biosynthesis. These two observations provide a plausible 

biochemical mechanism for how PM20D1 can catalyze an otherwise thermodynamically 

unfavorable condensation reaction. Serum albumin binding to N-acyl amino acid binding 

also establishes that N-acyl amino acids share a common carrier mechanism with other 

lipophilic hormones including thyroid hormone and sex steroids. All of these lipid hormones 

exhibit significant (>95%) protein binding in the plasma. Furthermore, protein binding 

determines biologically active “free” versus biologically inactive “bound” forms. As with 

the other lipophilic hormones, this free-to-bound equilibrium likely represents a key 

regulatory node for the bioactivity of N-acyl amino acids. Beyond albumin, that thyroid 

hormone and sex steroids also have other dedicated high affinity plasma carriers (e.g., TBG 

and SHBG, respectively). We hypothesize that additional analogous plasma carriers might 

also regulate the transport and/or availability of biologically active “free” N-acyl amino 

acids. The future identification of these potential plasma carriers may enable manipulation 

of the free-to-bound ratio in plasma and downstream N-acyl amino acid uncoupling 

bioactivity.

Lastly, our studies identify a potential opportunity for pharmacological and therapeutic 

manipulation for PM20D1. PM20D1 activity can be co-activated by lipoprotein association, 

an observation similar to lipoprotein-mediated allosteric modulation for other key circulating 

enzymes including LPL, LCAT, and secreted PLA2s (Burke and Dennis, 2009; Cooke et al., 
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2018; Goldberg et al., 1990). When available, compounds that mimic lipoprotein co-

activation, as has been already described for APOC2 mimetics (Amar et al., 2015) or small 

molecule LCAT activators (Manthei et al., 2018), may be useful for increasing PM20D1 

activity and circulating N-acyl amino acids for the treatment of age-associated metabolic or 

neurological diseases.

STAR METHODS

RESOURCE AVAILABILITY

Lead Contact.—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Jonathan Z. Long 

(jzlong@stanford.edu).

Materials Availability.—This study did not generate new unique reagents.

Data and Code Availability.—This study did not generate/analyze any datasets/code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and primary cultures.—HEK293T (female) and C2C12 (female) cells were 

obtained from ATCC (CRL-3216 and CRL-1772, respectively) and cultured in DMEM with 

L-glutamine, 4.5 g/l glucose and sodium pyruvate (Corning 10013CV) supplemented with 

10% FBS (Corning 35010CV). For primary iWAT and BAT cells from male mice, the 

stromal-vascular fraction of inguinal (iWAT) pad from 4–12 week old mice was dissected, 

minced, and digested for 45 min at 37°C in PBS containing 10 mM CaCl2, 2.4 U/ml dispase 

II (Roche), and 1.5 U/ml collagenase D (Roche). The stromal-vascular fraction of brown fat 

(BAT) pads from newborn (P1–P14) pups was dissected, minced, and digested for 45 min at 

37°C in PBS containing 1.3 mM CaCl2, 120 mM NaCl, 5 mM KCl, 5 mM glucose, 100 mM 

HEPES, 4% BSA, and 1.5 mg/ml collagenase B (Roche). Digested tissue was diluted with 

adipocyte culture media (DMEM/F-12, GlutaMAX supplement, Life Technologies, with 

10% FBS and pen/strep) and centrifuged (600 × g, 10 min). The pellet was resuspended in 

10 ml adipocyte culture media, strained through a 40 μm filter, and plated. Differentiation 

was induced by adipogenic cocktail containing 5 μg/ml insulin (Sigma), 5 μM 

dexamethasone (Sigma), 250 μM isobutylmethylxanthine (Sigma), and 1 μM rosiglitazone 

(Cayman) for 2 days. Two days after induction, cells were maintained in adipocyte culture 

media containing 5 μg/ml insulin and 1 μM rosiglitazone. Cells were incubated at 37°C, 5% 

CO2 for growth.

General animal information.—Animal experiments were performed according to 

procedures approved by the Stanford University IACUC. Mice were maintained in 12 h 

light-dark cycles at 22°C and fed a standard irradiated rodent chow diet. All experiments on 

wild-type mice were performed with male C57BL/6J mice purchased from Jackson 

Laboratories (stock number 000664). APOE-KO mice were purchased from Jackson 

Laboratories (stock number 002052). Global Pm20d1 knockout mice have been previously 

described (Long et al., 2018) and are available from Jackson Laboratories (stock number 

032193, MGI:6201144). For AAV injections, 7-week old male mice (C57BL/6J) were 
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injected via tail vein at a dose of 10e10 GC/mouse diluted in saline in a total volume of 100 

μl/mouse. All blood was collected into lithium heparin tubes (BD) via submandibular bleed 

and immediately spun (5,000 rpm, 10 min, 4°C) to isolate the plasma.

METHOD DETAILS

Materials.—N-arachidonoyl glycine was purchased from Cayman. N-acyl amino acid 

photocrosslinking probe was synthesized as previously described (Long et al., 2016). 

Phenylalanine (BP391100) and oleic acid (AC270290050) were purchased from Fisher. BSA 

(protease free, fatty acid free, essentially globulin free) was purchased from Sigma (A7030). 

Pooled human plasma (IPLA-N) was purchased from Innovative Research. The following 

antibodies were used: anti-Flag M2 (Sigma F3165), anti-APOB (Abcam ab20737), anti-

APOA1 (ab7614). The following plasmids were used: mouse AAV-PM20D1-flag (Addgene 

132682), mouse PM20D1-flag (Addgene 84566). Adeno-associated viruses were produced 

at the Penn Vector Core. AAV-GFP virus was purchased from Penn Vector Core 

(AAV8.CB7.CI.eGFP.WPRE.rBG).

Immunoaffinity purification of PM20D1 from conditioned media.—Primary iWAT 

or BAT cells in 10cm plates were transduced with PM20D1-flag or LacZ control adenovirus 

on day 2 of differentiation. On day 6, the media was aspirated and refreshed with fresh 

complete media. 24 h later, total conditioned media was harvested and centrifuged (1000 × 

g) to remove debris. The conditioned media with protease inhibitors added was then 

incubated with anti-FLAG M2 magnetic beads (M8823, 50 μl per sample) overnight. The 

following day, the beads were washed three times with PBS (0.5 ml each) and proteins were 

eluted by 3xFLAG peptide (0.1 mg/ml, 100 μl in PBS).

Proteomics of PM20D1-interacting proteins.—On bead digestion was carried out as 

follows: supernatants were resuspended 1:1 with 1M urea, 50 mM Tris, pH 8.0 and digested 

it with trypsin (1 mg) at 37°C under vortex shaking overnight. The following morning, 

digested peptides were reduced with 5 mM TCEP, followed by alkylation with 10 mM 

Iodoacetamide, quenching alkylation with 5 mM DTT and finally quenching the digestion 

process with TFA. Acidified digested peptide were desalted over C18 StageTip following 

protocol described before (Ong et al., 2002). Briefly, the tips were prepared placing a small 

disc of Empore material 3M in an ordinary pipette tip, preparing a single tip for each 

sample. Tips were cleaned and secured with Methanol, activated with 50% acetonitrile, 0.1% 

FA, equilibrated with 0.1% FA. Acidified digested sample was added to the column and 

finally washed twice with 0.1% TFA solution. Liquid was passed through the pipette tip with 

a centrifugation. Peptides were then eluted with 80% acetonitrile, 0.1% FA buffer thrice and 

dried in a speedvac. Dried desalted peptides samples were reconstituted with 200 mM EPPS 

buffer, pH 8.0 and labelled with 10-plex tandem mass tag (TMT) reagent. TMT labeling 

reactions were performed for 1 hours at room temperature. Modification of tyrosine residue 

with TMT was reversed by the addition of 5% hydroxyl amine for 15 minutes and the 

reaction was quenched with 0.5% FA. Samples were combined, further desalted over stage-

tip, finally eluted into an Autosampler Inserts (Thermo Scientific), dried in a speedvac and 

reconstituted with 5% Acetonitrile-5% FA for MS analysis. Labelled peptide sample from 

previous step was analyzed with an LC-MS3 data collection strategy (McAlister et al., 2014) 
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on an Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific) equipped with a 

Thermo Easy-nLC 1200 for online sample handling and peptide separations. Resuspended 

peptide from previous step was loaded onto a 100 μm inner diameter fused-silica micro 

capillary with a needle tip pulled to an internal diameter less than 5 μm. The column was 

packed in-house to a length of 35 cm with a C18 reverse phase resin (GP118 resin 1.8 μm, 

120 Å, Sepax Technologies). The peptides were separated using a 180 min linear gradient 

from 5% to 42% buffer B (90% ACN + 0.1% formic acid) equilibrated with buffer A (5% 

ACN + 0.1% formic acid) at a flow rate of 550 nL/min across the column. The scan 

sequence for the Fusion Orbitrap began with an MS1 spectrum (Orbitrap analysis, resolution 

120,000, 350 – 1350 m/z scan range, AGC target 9 × 103, maximum injection time 80 ms, 

dynamic exclusion of 90 seconds). The “Top10” precursors was selected for MS2 analysis, 

which consisted of CID (quadrupole isolation set at 0.7 Da and ion trap analysis, AGC 8 × 

103, Collision Energy 35%, maximum injection time 150 ms). The top ten precursors from 

each MS2 scan were selected for MS3 analysis (synchronous precursor selection), in which 

precursors were fragmented by HCD prior to Orbitrap analysis (Collision Energy 55%, max 

AGC 1 × 105, maximum injection time 120 ms, resolution 50,000). A compendium of in-

house software tools were used to for .RAW file processing and controlling peptide and 

protein level false discovery rates, assembling proteins from peptides, and protein 

quantification from peptides as previously described. MS/MS spectra were searched against 

a Uniprot Mouse database (downloaded March, 2014) with both the forward and reverse 

sequences. Database search criteria are as follows: tryptic with two missed cleavages, a 

precursor mass tolerance of 50 ppm, fragment ion mass tolerance of 1.0 Da, static alkylation 

of cysteine (57.02146 Da), static TMT labeling of lysine residues and N-termini of peptides 

(229.162932 Da), and variable oxidation of methionine (15.99491 Da). TMT reporter ion 

intensities were measured using a 0.003 Da window around the theoretical m/z for each 

reporter ion in the MS3 scan. Peptide spectral matches with poor quality MS3 spectra were 

excluded from quantitation (<100 summed signal-to-noise across all channels and <0.5 

precursor isolation specificity).

FPLC-SEC fractionation of plasma.—Plasma was fractionated by fast protein liquid 

chromatography (FPLC) using a Superose 6 increase 10/300 GL (size range 5K - 5 MDa) 

column (GE Healthcare Life Sciences, 29091596) on a GE AKTA Pure FPLC system. A 

total of 250 μl of plasma was eluted in cold PBS down the column and separated into 40 × 1 

mL fractions.

Purification of murine recombinant PM20D1.—HEK293T cells were infected with 

retrovirus expressing mouse PM20D1–6xHis-Flag in the presence of polybrene (8 μg/ml). 

After two days, cells were selected with hygromycin (150 μg/ml, Sigma Aldrich). The stable 

HEK294T cells were then grown in complete media. At confluence, the media (~500 ml) 

was changed, harvested 24 h later, and concentrated ~10-fold in 30 kDa MWCO filters 

(EMD Millipore) according to the manufacturer’s instructions. The concentrated media was 

centrifuged to remove debris (600 × g, 10 min, 4°C) and the supernatant containing 

PM20D1-flag was decanted into a new tube. PM20D1-flag was immunoaffinity purified 

overnight at 4°C from the concentrated media using magnetic Flag-M2 beads (Sigma 
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Aldrich). The beads were collected, washed three times in PBS, eluted with 3xFlag peptide 

(0.1 μg/ml in PBS, Sigma Aldrich), aliquoted, and stored at −80°C.

In vitro PM20D1 enzyme activity assays.—In vitro hydrolysis and synthesis reactions 

of N-acyl amino acids was measured by incubating recombinant PM20D1 (0.5 ug) with N-

acyl amino acids (100 μM) or amino acid and fatty acid (1 mM each) in PBS for 1 hour at 

37°C. To measure enzymatic activity across FPLC fractionated plasma, 100 μl of each 

fraction was incubated with N-acyl amino acids (100 μM) or amino acid and fatty acid (1 

mM each) in PBS for 1 hour at 37°C. All reactions were terminated by quenching with 400 

μl 2:1 chloroform:methanol. Samples were then vortexed thoroughly, centrifuged at 1,000 

rpm for 10 minutes, and the organic layer was transferred to a mass spec vial for analysis by 

LC-MS.

UV crosslinking using N-acyl amino acid photoprobe.—All experiments were 

performed in a 96-well plate. N-acyl amino acid photoprobe (50 μM) was incubated with 

fatty acid free BSA (1 mg/ml) in PBS for 1 h at room temperature. For competition 

experiments, “cold” N-acyl amino acid competitors (200 μM, 4x excess) were added to fatty 

acid free BSA (1 mg/ml) for 30 min at room temperature prior to the addition of N-acyl 

amino acid photoprobe (50 μM). Samples were placed on ice and UV-irradiated (10 min, UV 

Stratalinker 2400). Control samples were left on ice under ambient light. After UV 

irradiation, click chemistry was performed as follows: To 50 μl mixture at 1 mg/ml was 

added 3 μl TBTA (stock solution: 1.7 mM in 4:1 v/v DMSO:t-BuOH), 1 ul CuSO4 (stock 

solution: 50 mM in water), 1 μl TCEP (freshly prepared, stock solution: 50 mM), and 1 μl 

TAMRA-N3 (stock solution: 1.25 mM in DMSO). Reactions were incubated at room 

temperature for 1h, and then quenched with 4x SDS loading buffer (17 μl). In-gel TAMRA 

fluorescence was visualized on a Typhoon FLA 9500 biomolecular imager (GE Healthcare 

Life Sciences).

Determination of free versus bound N-acyl amino acids in plasma.—100 μl of 

plasma was filtered using 3kDa molecular weight cut-off filters (Amicon UFC9003) for 1 h 

at 15,000 rpm (4°C). 100 μl ultrapure water was then added to either the eluant or the top 

unfiltered layer. These layers were transferred to glass vials. Next, 300 μl 2:1 v/v 

acetonitrile:methanol was added. The vial was vortexed, centrifuged at 15,000 rpm for 10 

min, and then the supernatant was transferred for mass spectrometry analysis.

Cellular respiration measurements.—Oligomycin was purchased from EMD 

Millipore, and FCCP and rotenone were purchased from Sigma. C2C12 cells were seeded at 

30,000 cells/well, respectively in an XFp cell culture microplate (Seahorse Bioscience) and 

analyzed the following day. On the day of analysis, the cells were washed once with 

Seahorse respiration buffer (8.3 g/l DMEM, 1.8 g/l NaCl, 1 mM pyruvate, 20 mM glucose, 

pen/strep), placed in 0.5 ml Seahorse respiration buffer, and incubated in a CO2-free 

incubator for 1 hr. Port injection solutions were prepared as follows (final concentrations in 

assay in parentheses): 10 μM oligomycin (1 μM final), 500 μM C20:4-Gly (50 μM final), 

and 30 μM rotenone (3 μM final). The Seahorse program was run as follows: basal 

measurement, 3 cycles; inject port A (oligomycin), 3 cycles; inject port B (compounds), 3 
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cycles; inject port C (rotenone), 3 cycles. Each cycle consisted of mix 4 min, wait 0 min, and 

measure 2 min. For data expressed as “pre” and “post,” the average of the three 

measurements following oligomycin injection were averaged for the “pre” state and the 

average of the three measurements following N-acyl amino acid injection were averaged for 

the “post” state. Experiments using BSA included fatty acid free BSA in the port injection 

solution (e.g., 500 μM C20:4-Gly with 40 mg/ml BSA).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical comparisons were performed using Student’s t-test by Excel or Prism. 

Statistical details of each experiment can be found in the figures and figure legends. No 

explicit power analysis was used to determine same size. Sample sizes were determined 

based on previous literature for biochemical or animal studies. Unless indicated otherwise, 

all experiments were performed once, with N corresponding to biological replicates. Outliers 

were not removed from analyses. The experimentalist was not blinded to sample or 

treatment conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE

Circulating metabolites in blood constitute fundamental axes of chemical intercellular 

communication that regulate diverse aspects of mammalian physiology. N-acyl amino 

acids are one such family of amino acid-fatty acid conjugated lipid hormones. These 

molecules endogenously circulate in mouse and human plasma and are elevated 

following chronic exposure to cold environments. A subset of N-acyl amino acids with 

medium-chain fatty acid tails and neutral amino acid head groups can directly stimulate 

cellular respiration, thereby linking environmental cold with an increased physiologic 

thermogenic response. However, the mechanisms that regulate circulating N-acyl amino 

acid function in blood remains unknown. Here, we show that major blood plasma 

components, including lipoproteins and serum albumin, are involved in regulating N-acyl 

amino acid metabolism and bioactivity. First, we establish that the extracellular N-acyl 

amino acid biosynthetic enzyme PM20D1 does not circulate as a free enzyme, but is 

rather entirely localized to high- and low-density lipoproteins. This association co-

activates PM20D1 activity and drives N-acyl amino acid biosynthesis. Second, we show 

that N-acyl amino acids are tightly associated to albumin, which spatially segregates N-

acyl amino acids away from their site of biosynthesis, confers resistance to hydrolytic 

degradation, and acts as a buffer between biologically active “free” versus inactive 

“bound” N-acyl amino acids. These data establish that N-acyl amino acid biosynthesis 

occurs on the surface of PM20D1-containing lipoproteins and that N-acyl amino acids 

share plasma transport characteristics with other lipophilic hormones including thyroid 

hormone and sex steroids. Taken together, we demonstrate the presence of a plasma 

protein network that controls the metabolism and bioactivity of a circulating lipid family.
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HIGHLIGHTS

• The N-acyl amino acid biosynthetic enzyme PM20D1 is localized to 

lipoproteins.

• Lipoproteins co-activate PM20D1 activity and N-acyl amino acid 

biosynthesis.

• Serum albumin is a physiologic plasma carrier for N-acyl amino acids.

• Albumin determines an equilibrium between active versus inactive N-acyl 

amino acids.
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Fig. 1. PM20D1 interacts with lipoproteins in conditioned media of adipocytes.
(a, b) Silver stain of PM20D1-flag immunoaffinity purified samples from primary brown 

(BAT, a) or primary inguinal (iWAT, b) adipocytes transduced with adenovirus expressing 

PM20D1-flag (right lanes) or LacZ control (left lanes). Cells were transduced on day 2 and 

conditioned media was harvested on day 6.

(c, d) Fold enrichment across the entire quantitative shotgun proteomics dataset of proteins 

in PM20D1 versus LacZ immunoaffinity purifications from BAT (c) or iWAT (d) cells. 

PM20D1 is highlighted in blue.

(e) Gene ontology of enriched biological processes from PM20D1 interacting proteins from 

the combined BAT or iWAT datasets. PM20D1 interacting proteins were defined as those 

with >2-fold change and at least two detected peptides. Only those processes with fold 

enrichment >50 and raw P-value < 0.001 are shown.

(f) Fold enrichment of the indicated apolipoproteins from PM20D1 immunoaffinity 

purifications in BAT (orange) or iWAT (grey) samples. See also Table S1 and S2.
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Fig. 2. PM20D1 endogenously localizes to lipoproteins in vivo.
(a) Total plasma N-acyl amino acid levels from AAV-GFP (black) or AAV-PM20D1 (gray) 

transduced mice. Plasma was harvested after a one-week transduction period using a dose of 

10e10 GC/mouse (intravenously).

(b,c) C20:4-Gly hydrolysis activity (blue traces), protein concentrations (orange traces), and 

Western blots (bottom panels) of fractionated mouse plasma one week after transduction by 

AAV-PM20D1-flag (a) or AAV-GFP (b).

(d,e) C20:4-Gly hydrolysis (c) and C18:1-Phe synthesis (d) activity of fractionated mouse 

plasma from either WT (blue trace) or PM20D1-KO (orange trace) mice.

(f) C20:4-Gly hydrolysis activity (blue traces), protein concentrations (orange traces), and 

Western blots (bottom panels) of fractionated pooled human plasma.

For (b-e), plasma from five mice per group was pooled together and separated by fast protein 

liquid chromatography-size exclusion (FPLC-SEC). For (a), (d), and (e), Student’s two-

tailed t-test for AAV-GFP versus AAV-PM20D1 or WT versus PM20D1-KO across the 

indicated fractions was used to determine statistical significance. Data are shown as means ± 

SEM.
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Fig. 3. Lipoproteins are PM20D1 co-activators in vitro and in vivo.
(a) C20:4-Gly hydrolysis activity of mammalian recombinant, purified mouse PM20D1 (0.1 

ug/reaction) alone or following incubation with APOB+ or APOA1+ lipoproteins (LDL and 

HDL, respectively) isolated from PM20D1-KO mice. N=5/group.

(b-d) Protein concentrations (b), apolipoprotein levels (c), and PM20D1 activity as measured 

by C20:4-Gly hydrolysis activity (d) of fractionated mouse plasma from either WT (blue 

trace) or APOE-KO (orange trace) mice.

(e) Total plasma N-acyl amino acid levels from WT (blue) or APOE-KO (orange) mice. 

N=5/group.

(f,g) Representative LC-MS traces of C18:1-Phe (f) and C18:1-Leu/Ile (g) from WT (blue) 

or APOE-KO (orange) mice.

For (a), LDL or HDL was isolated from plasma of five pooled PM20D1-KO mice. For (b-d), 

plasma from five mice per group was pooled together and separated by fast protein liquid 

chromatography-size exclusion (FPLC-SEC). For (e), N=5/group.

For (a), (d), and (e), Student’s two-tailed t-test was used for the indicated comparison or for 

WT versus APOE-KO mice. * P < 0.05, ** P < 0.01. Data are shown as means ± SEM. See 

also Table S3 and S4.
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Fig. 4. N-acyl amino acids are trafficked by albumin in the circulation.
(a) Quantitation of N-acyl amino acid levels across the indicated size exclusion 

chromatography fractions.

(b) Chemical structure of an N-acyl amino acid photocrosslinking analog.

(c) TAMRA fluorescence (top) and Coomassie staining (bottom) of N-acyl amino acid 

photocrosslinker (50 μM) labeling of bovine serum albumin (1 mg/ml) in the presence of 

absence of the indicated “cold” competitor (200 μM).

(d) Conversion of C20:4-Gly to arachidonic acid by recombinant PM20D1 in the absence or 

presence of increasing concentrations of fatty acid free BSA.

For (a), plasma from five wild-type mice was pooled together and separated by fast protein 

liquid chromatography-size exclusion (FPLC-SEC). Consecutive fractions were pooled and 

analyzed by LC-MS (see Methods). For (d), N=3/group, * P < 0.05, ** P < 0.01, *** P < 

0.001 versus hydrolysis activity in the absence of BSA. Data are shown as means ± SEM.
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Fig. 5. Characterization of biologically active “free” N-acyl amino acids versus biologically 
inactive “bound” N-acyl amino acids.
(a) Schematic of the biochemical strategy for separation of protein-bound versus free N-acyl 

amino acids from plasma.

(b) Fraction of detected N-acyl amino acids in the free fraction versus protein-bound fraction 

from pooled plasma.

(c) Bioactivity of “free” C20:4-Gly versus “bound” BSA-C20:4-Gly in stimulating cellular 

respiration in C2C12 cells.

For (c), all experiments were performed in the presence of oligomycin to selectively measure 

uncoupled respiration. *** P < 0.001 versus DMSO. N=4 wells/condition. Data are shown 

as means ± SEM.
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Fig. 6. Working model for plasma protein regulation of PM20D1 and N-acyl amino acids.
Lipoprotein association functions to co-activate PM20D1 activity, which then synthesizes N-

acyl amino acids. These lipids then circulate in an inactive albumin-bound as well as a 

biologically active free form. Only free N-acyl amino acids can stimulate cellular 

respiration.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Monoclonal Anti-FLAG M2 antibody Sigma-Aldrich F1804

Anti-Apolipoprotein A I antibody Abcam ab7614

Anti-Apolipoprotein B antibody Abcam ab20737

Anti-beta Tubulin antibody Abcam ab6046

Bacterial and Virus Strains

GFP adeno-associated virus Penn Vector Core AAV8.CB7.CI.eGF
P.WPRE.rB

PM20D1-flag adeno-associated virus Long et al., Cell 2016 (PMID 
27374330)

Addgene 132682

PM20D1-flag adenovirus Long et al., Cell 2016 (PMID 
27374330)

N/A

LacZ adenovirus Long et al., Cell 2016 (PMID 
27374330)

N/A

Biological Samples

Pooled Human Plasma Apheresis Derived Innovative Research IPLA-N

Chemicals, Peptides, and Recombinant Proteins

TBTA, Tris[(1-benzyl-1 H-1,2,3-triazol-4-yl)methyl]amine Fisher H66485–03

TCEP HCl (tris(2-carboxyethyl)phosphine hydrochloride) Fisher J60316–06

TAMRA, Tetramethylrhodamine Azide Fisher T10182

Oligomycin EMD Millipore 1404-19-9s

FCCP, 2-[2-[4-(trifluoromethoxy)phenyl]hydrazinylidene]-
propanedinitrile

Sigma 370-86-5

Rotenone Sigma 83-79-4

Hygromycin Sigma 31282-04-9

Polybrene, Hexadimethrine bromide Sigma 107689

Dispase II Roche 17-105-041

Collagenase D from Clostridium histolyticum Roche 50-100-3282

Insulin from bovine pancreas Sigma I5500

Dexamethasone Sigma D4902

Isobutylmethylxanthine Sigma I7018

Rosiglitazone Cayman 71740

Bovine Serum Albumin; heat shock fraction, protease free, fatty acid 
free, essentially globulin free

Sigma A7030

C20:4-Gly Cayman 90051

C20:4-Phe Lin et al., J. Med. Chem. 2018 
(PMID 29533650)

N/A

C18:1-Leu Lin et al., J. Med. Chem. 2018 
(PMID 29533650)

N/A

C18:1-Lys Lin et al., J. Med. Chem. 2018 
(PMID 29533650)

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

N-acyl amino acid photoprobe Long et al., Cell 2016 (PMID 
27374330)

N/A

Phenylalanine Fisher BP391100

Oleic Acid Fisher AC270290050

3x FLAG Peptide Sigma F4799

Critical Commercial Assays

Seahorse XFp FluxPak Seahorse Bioscience 103022–100

Experimental Models: Cell Lines

HEK 293T (Homo-sapiens) ATCC CRL-3216

C2C12 (M. musculus) ATCC CRL-1772

Experimental Models: Organisms/Strains

C57BL/6J (M. musculus) Jackson Laboratory 000664

PM20D1-KO, C57BL/6J-Pm20d 1 em1Brsp/J (M. musculus) Jackson Laboratory 032193

APOE-KO, B6.129P2-Apoetm1Unc/J (M. musculus) Jackson Laboratory 002052

Recombinant DNA

PM20D1-flag transfected construct (M. musculus) Long et al., Cell 2016 (PMID 
27374330)

Addgene 84566

Software and Algorithms

Graphpad Prism Graphpad https://www.graphpad.com/
scientific-software/prism/

Other

3 kDa Molecular Weight Cutoff Filter Amicon UFC9003

30 kDa Molecular Weight Cutoff Filter Amicon UFC803024

Anti-flag M2 magnetic beads Sigma M8823

Uniprot Mouse database Uniprot https://www.uniprot.org/
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