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The storage and degradation of long-chain FA underpin 
eukaryotic energy metabolism. The two extremes of dys-
regulated energy metabolism, obesity and cachexia, are 
linked to major noninfectious chronic disorders, including 
diabetes, cardiovascular disease, and cancer. Thus, for the 
past 60 years, scientists and clinicians have worked to un-
derstand FAs and triacylglycerol (TAG) in terms of their 
pathways of synthesis, regulation, and physiological effects 
in liver, skeletal muscle, heart, and adipose tissue.

Although we have long been aware that cellular com-
partments, including the cytosol, are packed tightly with 
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lipid droplets to the OMM. In contrast, GPAT1 is upregulated 
nutritionally by carbohydrate and insulin in a coordinated se-
quence of enzyme reactions, from saturated FA formation via 
de novo lipogenesis to FA esterification by GPAT1 and entry into 
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proteins, textbook descriptions of biochemical path-
ways suggest that substrates and products of sequential 
enzyme steps wander around randomly before encoun-
tering the next enzymatic active site. Textbook drawings 
are similarly deceptive in showing sequential enzymes 
isolated from the myriad of other soluble and mem-
brane-associated proteins and lipids. These misleading 
portrayals are particularly problematic for the initial  
steps in lipid metabolism, long-chain acyl-CoA synthe-
tase (ACSL) and glycerol-3-phosphate acyltransferase 
(GPAT). As products of ACSL and as substrates for GPAT, 
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long-chain acyl-CoAs are not uniformly available within 
the cytosol.

In theory, sequestration of acyl-CoAs should not be pos-
sible: acyl-CoAs are water-soluble and amphipathic, and 
should therefore be able to move freely within the cytosol 
and within membrane monolayers. However, genetic infor-
mation, biochemical data, and studies of knockout mice 
challenge this idea.

The initiation of glycerolipid biosynthesis begins with 
ACSL-mediated thioesterification of FAs to produce long-
chain acyl-CoAs. GPAT then esterifies these acyl-CoAs to 
form lysophosphatidic acid (LPA). Subsequent esterifica-
tion steps and the action of phosphatidic acid (PA) phos-
phohydrolase result in the synthesis of TAG. The PA and 
diacylglycerol (DAG) intermediates in this pathway are also 
precursors of all the glycerophospholipids. Although this 
series of five biochemical steps was fully elucidated by 1960 
(1, 2), we have since learned that each step in the pathway 
of TAG synthesis is catalyzed by at least two, and as many as 
13 independent proteins, each encoded by a separate gene 
(Fig. 1) (3). Why are so many isoenzymes required to cata-
lyze each step? Does each isoform have a different function 
or are the isoforms redundant? If each isoform has a differ-
ent function, what mechanism ensures this? Differences in 
tissue expression may underlie some specific biochemical 
or metabolic phenotypes. The current data suggest an un-
derlying complexity of lipid metabolism that strongly indi-
cates that lipids are channeled within cells, both functionally 
and mechanistically.

CHANNELING IN FA METABOLISM

Enzymes that control metabolic pathways are frequently 
regulated by multiple mechanisms. We propose that a com-
plex network of interacting proteins constitutes an unex-
plored mechanism for FA regulatory channeling. Data 
from studies of GPAT and ACSL isoforms have led us to 
conclude that assemblies of interacting proteins must  
facilitate the channeling of FAs and acyl-CoAs into specific 
downstream pathways.

EVIDENCE FOR COMPARTMENTALIZATION OF 
ACYL-CoAs

Long-chain FAs must be converted to acyl-CoAs by one 
of 13 long-chain ACSL isoforms before they can enter most 
synthetic or degradative pathways (Fig. 1). In highly oxida-
tive tissues, such as skeletal muscle, brown adipose, and 
heart, ACSL1 is the major isoform and is primarily located 
on the outer mitochondrial membrane (OMM) (4) where 
it interacts with CPT1 (5) and directs FAs toward mito-
chondrial -oxidation (6–8). Mice lacking ACSL1 in skeletal  
muscle are able to run only half as far as controls despite 
having muscle content of long-chain acyl-CoA that is twice 
as high, indicating that acyl-CoAs synthesized by other 
ACSL isoforms are unavailable for -oxidation. Similarly, 
in adipose tissue devoid of ACSL1, FA oxidation is markedly 

impaired while TAG synthesis remains unaffected (6). 
These studies strongly suggest that acyl-CoAs are compart-
mentalized within the cytosol.

ACSL1 INTERACTOMES

In adipose tissue, skeletal muscle, and heart, ACSL1 is 
primarily located on the OMM and channels FAs specifi-
cally into the mitochondria for -oxidation (6–9). In liver, 
however, the ACSL1 located on the OMM appears to direct 
FAs toward -oxidation, but the fate of the acyl-CoAs syn-
thesized by the remaining 50% of ACSL1 protein on the 
ER remained unclear (10).

Differential FA partitioning is likely to require ACSL1 to 
interact with other specific proteins. In order to under-
stand which protein interactions were unique to ACSL1 in 
its two locations, we used the unbiased protein interaction 
discovery technique, BioID (11). This method detects in-
teracting proteins, including those that may have weak or 
transient interactions with the bait protein. As a fusion pro-
tein with the Escherichia coli biotin ligase, BirA*, ACSL1 was 
targeted to either the ER or the OMM of Hepa1-6 (mouse 
hepatoma) cells (12). Proteomic analysis identified 98 pro-
teins that specifically interacted with ACSL1 at the ER, 55 
at the OMM and 43 proteins common to both subcellular 
locations. Cohorts of peroxisomal and lipid droplet pro-
teins, tethering proteins, and vesicle proteins uncovered a 
dynamic role for ACSL1 in organelle and lipid droplet 
interactions.

Using primary mouse hepatocytes from both male and 
female mice, we confirmed by coimmunoprecipitation that 
ACSL1 interacts with specific networks of proteins that  
enable its acyl-CoA product to be directed into the mito-
chondria for -oxidation or into niche pathways at the ER 
related to ceramide and branched-chain FA metabolism 
(12). Proteins that interacted with ACSL1 targeted to the 
OMM included a group of proteins believed to tether lipid 
droplets to the OMM; these include SNAP23, Stx7, and 
VAMP2, -4, and -5 (12). These results confirmed that the 
intracellular location of ACSL1 allows it to interact with in-
dependent networks of proteins.

GLUCOSE ALTERS PROTEIN INTERACTIONS  
WITH ACSL1

Primary hepatocytes can be used to investigate weak or 
transient interactions because they respond well to physio-
logical stimuli. Thus, specific interactions of ACSL1 with 
SNAP23 and VAMP4 were abrogated in the presence of 25 
mM of glucose (12), suggesting that the link between 
ACSL1 and FAs released from lipid droplets depends on 
the cell’s nutrient status (Fig. 2). Supporting this interpre-
tation, incubation in the absence of glucose enhanced FA 
oxidation, whereas incubation with glucose enhanced in-
corporation of FA into complex lipids (12). In contrast to 
the modulation of SNAP23 and VAMP4 interactions, the 
interaction of ACSL1 with the OMM protein, CPT1, did 
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not change. These data show that the transient interactions 
are specific and relevant to the disposition of acyl-CoAs 
during fasting and feeding.

EVIDENCE FOR COMPARTMENTALIZATION OF 
GPATs

Of the three liver GPAT isoenzymes, only GPAT1 is an 
integral member of the pathway that converts excess  
dietary carbohydrate into TAG, a principal source of diet-
related hepatic steatosis (13). GPAT1 is a target of the 
insulin- and nutrient-activated transcription factors, 
SREBP-1c and ChREBP (14–19). In the presence of high 
dietary carbohydrate and insulin, these transcription fac-
tors upregulate the export of mitochondrial citrate (20) 
and the enzymes that use citrate for de novo lipogenesis 
(DNL) (Fig. 3) (16). Although both GPAT1 and -4 use ex-
ogenously derived palmitate, only GPAT1 initiates TAG 
synthesis from FA synthesized de novo from acetate (21), 

thereby linking nutrient excess to hepatic DNL and TAG 
synthesis (3). When GPAT1 is absent, acetate incorpora-
tion into TAG is almost totally blocked, and its incorpora-
tion into phospholipids is diminished by 60–80% (21). 
Because FAS releases free palmitate, a specific ACSL must 
activate this FA and direct it to GPAT1, which, unlike 
GPAT3/4, has a twofold preference for saturated FAs (3). 
Although none of the 13 ACSLs (22) is a known target of 
SREBP-1c or ChREBP, both ACSL3 and ACSL5 are upreg-
ulated by refeeding a high carbohydrate diet after a 24 h 
fast (unpublished observations), suggesting that these iso-
forms might link DNL FAs to TAG synthesis. Although the 
“handoff” of LPA to a specific AGPAT or to a further down-
stream DAG acyltransferase (DGAT) isoenzyme would 
seem reasonable, no AGPAT, PAPase/lipin, or DGAT iso-
forms are known to be upregulated by SREBP-1c.

In the absence of GPAT1, newly synthesized FAs are oxi-
dized in the mitochondria, demonstrating the importance 
of the DNL-GPAT1 liaison in avoiding a futile cycle by pre-
venting the immediate degradation of newly synthesized 

Fig. 1. Synthesis of glycerolipids from long-chain FAs. Members of the family of long-chain ACSLs (ACSL, ACSVL, ACSBg) thioesterify 
long-chain FAs to form acyl-CoAs. These may be esterified to the sn-1 position of glycerol-3-phosphate by one of four GPATs to form LPA. 
One of several 1-acylglycerol-3-phosphate acyltransferases (AGPATs; also known as LPA acyltransferases) uses an acyl-CoA to form PA. After 
one of three PA phosphohydrolases (PAPases/lipins) cleaves the phosphate, the remaining DAG product is esterified by one of two DGATs 
to form TAG. The TAG may remain in the cytosol within a lipid droplet or, in liver, be secreted as part of a VLDL. The LPA, PA, and DAG 
intermediates may initiate signaling cascades, and PA and DAG are also precursors of all the glycerophospholipids: phosphatidylinositol (PI), 
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), and cardiolipin (CL). Acyl-CoAs can also be converted 
to acyl-carnitines by carnitine palmitoyltransferase (CPT1) to enter the mitochondria for -oxidation.
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FAs (Fig. 1) (23). Because each of the GPAT isoforms uses 
the same substrates, the most likely mechanism by which 
long-chain acyl-CoAs can be channeled into specific down-
stream pathways is via close interactions between the path-
way enzymes to traffic newly synthesized FAs into TAG 
synthesis. Thus, GPAT1 and at least some of the enzymes 
indicated in yellow and green (Fig. 3) must interact, even 
though their locations are in separate cellular areas (cyto-
sol, OMM, and ER) (3). Furthermore, because TAG syn-
thesis occurs primarily at the ER (24), it also follows that 
additional downstream enzymes may be integrated with 
this pathway. Thus, excess oxidation of DNL FAs in the 
absence of GPAT1 protects against diet-induced insulin 
resistance (25), decreases hepatic steatosis and VLDL secre-
tion in chow-fed and high fat-fed mice (26), and reverses 
preexisting hepatic steatosis in ob/ob mice (27).

ADDITIONAL FEATURES OF THE GPAT ISOFORMS 
SUGGEST INDEPENDENT FUNCTIONS

During fasting, when insulin is low, GPAT1 mRNA, pro-
tein, and activity decrease, so that FAs that enter the liver 
from lipolyzed adipose TAG are either oxidized or esteri-
fied, presumably by GPAT3 and -4. Despite its importance 
in initiating TAG synthesis, little is known about the acute 
regulation of GPAT1 or other enzymes in the TAG syn-
thetic pathway. AMP-activated kinase inhibits (28) and ca-
sein kinase-II stimulates (29) hepatic GPAT1 activity, but 
no functional consequences are known. Does inhibiting or 

inducing lipolysis with insulin, glucose deprivation, or 
AMPK activation alter the ability of GPAT1 to use de novo 
synthesized FAs, cause impaired insulin signaling, or mod-
ify the binding of specific proteins to GPAT1?

Supporting the idea that the different GPATs are not 
functionally equivalent and that cytosolic FA pools do not 
mix is the fact that markedly different phenotypes are ob-
served in Gpat1-, Gpat3-, and Gpat4-null mice (21, 23, 26, 
30–33). Each of these studies was carried out in whole-body 
knockout models, so information from isolated hepato-
cytes may be more relevant than the liver phenotype itself. 
Although GPAT3 and -4 have been less well studied, GPAT4 
may contribute primarily to phospholipid synthesis (34, 
35).

Differences are also observed in hepatic signaling via 
mTORC2; both GPAT1 and GPAT4, but not GPAT3, initi-
ate the synthesis of DAG and PA, the intermediates that in-
hibit mTORC2 phosphorylation of Akt and impair insulin 
signaling (36, 37). Differential signaling is consistent with 
the presence of compartmentalized lipid intermediates.

CHANNELING AND DYNAMICS OF PATHWAY 
INTEGRATION AND FLUX

To reconcile the experimental data, we propose that the 
ACSLs and GPATs are part of compartmentalized pathways 
that are organized by multi-enzyme assemblies; the metab-
olites would be channeled to enzymes in a sequential manner 
without equilibrating with the cytosolic aqueous phase or 

Fig. 2. Altered ACSL1 interactome at the OMM in the absence or presence of glucose. Primary hepatocytes from male and female mice 
were incubated with or without 25 mM of glucose plus 1 mM of pyruvate for 16 h before immunoprecipitation of Ad-ACSL1-Flag (12). Car-
nitine palmitoyltransferase-1 (CPT) coimmunoprecipitated with ACSL1 under both conditions, but the OMM-lipid droplet tethering pro-
teins, VAMP4 and SNAP23, coimmunoprecipitated only when glucose was absent.



494 Journal of Lipid Research Volume 60, 2019

nearby membrane monolayers. Channeling involves 
what Paul Srere defined as a metabolon, a supramolecular 
complex of sequential metabolic enzymes and cellular 
structural elements (38, 39). In addition to intracellular 
organelles, the cytosol also appears to be structurally 
organized, as observed in centrifuged Neurospora and 
Euglena in which cell contents were layered with a final top 
“cytosolic” layer, surprisingly devoid of macromolecules 
(40, 41).

Substrates might be channeled within metabolons by 
movement along protein surfaces, by tunneling within as-
sociated proteins (42), or by probabilistic channeling 
within a large group of clustered proteins (Fig. 4). The 
clustered proteins might interact directly or via scaffolding 
to regional structural or membrane proteins. It has been 
proposed that surface movements could occur via electro-
static interactions with the substrate (43), which would 
be possible with acyl-CoAs, but perhaps not with their 

Fig. 3. Suggested interaction of enzymes involved in DNL and TAG synthesis via GPAT1. The citrate carrier (CiC) transports citrate out of 
the mitochondria and into the cytosol where it is cleaved by ATP citrate lyase to form oxaloacetate (OAA) and acetyl-CoA. Malate dehydro-
genase (DH) and malic enzyme convert the OAA successively to malate and pyruvate together with the production of NADPH. Acetyl-CoA 
carboxylase (ACC) converts the acetyl-CoA to malonyl-CoA, which is subsequently converted primarily to palmitate by FAS. After activation 
to palmitoyl-CoA by an ACSL, GPAT1 esterifies it to glycerol-3-phosphate to form LPA. Subsequent steps described in Fig. 1 convert the LPA 
to TAG or glycerophospholipids (PL) in the ER. Some of these steps may occur on structures variously termed mitochondria-associated 
membranes (MAM) and mitochondria-associated vesicles (MAV) (48).
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downstream glycerolipid intermediates. More likely is the 
idea of clustered scaffolded proteins like glycogen granules 
that contain metabolic enzymes and regulatory kinases and 
phosphatases (44).

LIPID CHANNELING

The textbook concept of enzyme pathways underlies tra-
ditional analyses of enzyme kinetics. Thus, isolated proteins 
are evaluated for substrate affinity, substrate preference, 
and Vmax. This is particularly problematic with enzymes that 
metabolize lipids. In such cases, Kornberg’s “Command-
ment IV”, “Do not waste clean thinking on dirty enzymes,” 
(Ref. 45; p. 3614) must give way to his subsequent thought 
that for some analyses, the marked dilution of proteins in 
solution must be restored to the more normal crowded mo-
lecular state (“Commandment VII”) (45). Molecular dilu-
tion is even more of a problem for membrane-associated 
enzymes in which substrates are likely to be highly concen-
trated within the membrane mono- or bilayer. For example, 
the acyl-CoA “concentration” within a cell is a meaningless 
number unless one considers the amount near the GPAT1 
active site at the membrane-cytosol interface. Even cations 
and molecules such as Na, K, ATP, amino acids, and glu-
cose are probably not distributed uniformly within the 
cytosol (38).

BENEFITS ARISE FROM CHANNELING OR 
COMPARTMENTALIZATION OF ENZYME PATHWAYS

As multi-enzyme assemblies, pathway efficiency should 
be enhanced because substrates and intermediates are not 
diluted into the bulk phase, but instead, remain near po-
tential subsequent proteins where they can interact pro-
ductively with active sites. This process allows for better 
regulation of the steady state flux and ensures associations 

that can enhance the stability of intermediates and avoid 
interference by other cellular constituents. The interac-
tome can increase reaction rates by increasing local sub-
strate concentrations and by restricting intermediates from 
entering competing reactions. Moreover, this concept does 
not preclude “leakiness” that permits substrates to enter 
branch-point pathways.

We propose that protein interactomes constitute novel 
and unexplored regulatory mechanisms that facilitate FA 
and acyl-CoA channeling and metabolism. The interac-
tions of multi-enzyme assemblies might be direct via sur-
face binding or via structural proteins that form a scaffold 
for multiple members of the pathway interactome. These 
interactions might be transient, as observed with purino-
somes that form in the cytosol to enhance purine synthesis 
(46) or with the insulin signaling pathway that forms and 
disassembles depending on the interaction of insulin with 
its receptor (47). In addition to the described interactomes 
for ACSL1 and GPAT1, we predict that other pathways that 
metabolize lipids will prove to exist in similar physiologi-
cally regulated protein interactomes.

The author is grateful to Dr. Florencia Pascual for her insightful 
comments.
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