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Intravascular triglyceride lipolysis becomes
crystal clear
Jay D. Hortona,b,1

The ability to store surplus calories as fat for use during
fasting or periods of increased energy demands is a
fundamental process required for survival of all spe-
cies. Fat consumed in the diet is incorporated into
triglyceride-rich lipoproteins (chylomicrons) in the in-
testine for delivery to peripheral tissues. The liver also
secretes triglyceride-rich very low-density lipoproteins
(VLDLs). Chylomicrons and VLDL triglycerides are
hydrolyzed within capillaries by lipoprotein lipase

(LPL) (1), releasing lipids for storage and utilization
by vital tissues. The processing of lipoproteins by
LPL has been studied intensively for more than a half
century and has proved highly relevant to clinical
medicine. A complete deficiency of LPL results in an
inability to hydrolyze the triglycerides in chylomicrons
and VLDLs, resulting in severe hypertriglyceridemia
(chylomicronemia) and a substantial risk of acute pan-
creatitis (2). Partial deficiencies in LPL cause mild to
moderate hypertriglyceridemia and increased risk for
coronary artery disease (3, 4).

The ability of LPL to hydrolyze plasma triglycer-
ides is absolutely dependent on glycosylphosphati-
dylinositol (GPI)-anchored high-density lipoprotein–
binding protein 1 (GPIHBP1), a GPI-anchored endothelial
cell protein that binds LPL and tethers it to the luminal
surface of capillaries (1). GPIHBP1 deficiency severely
impairs triglyceride processing and causes severe
hypertriglyceridemia (indistinguishable from that
caused by LPL deficiency) (5, 6). Despite intensive
research, structures for LPL and GPIHBP1 have been
elusive. However, in PNAS, Birrane et al. (7) report
the crystal structure of the LPL–GPIHBP1 complex.
This accomplishment culminates a decade of collabo-
rative studies by Stephen G. Young and collaborators
that have focused on defining GPIHBP1 function in
triglyceride metabolism.

LPL activity was first reported by Hahn (8) in 1943,
who described the appearance of a lipemia clearing
factor in dogs after an injection of heparin. The activity
of LPL is regulated by apolipoproteins on the surface
of lipoproteins (most notably apo-CII and apo-AV) and
by angiopoietin-like protein (ANGPTL)3, ANGPTL4,
and ANGPTL8 (9). LPL is synthesized and secreted
primarily by adipocytes and myocytes, and LPL secre-
tion is widely assumed to require the formation of LPL
homodimers, with two LPL monomers oriented in a
head-to-tail fashion (1). While adipocytes and myo-
cytes are the main source of LPL, the vast majority
of LPL activity resides on capillary endothelial cells.
How LPL reaches the capillary lumen represented a

Fig. 1. LPL and GPIHBP1 itinerary and function. LPL is synthesized by parenchymal
cells as dimers that are secreted into the subendothelial space where one
GPIHBP1 molecule on the surface of the endothelial cell binds one molecule of LPL.
The LPL–GPIHBP1 complex is then moved across the cell in vesicles to the capillary
lumen. GPIHBP1 anchors LPL to the endothelial cell and is required for margination of
chylomicrons and VLDL particles, which permits the hydrolysis of triglycerides by LPL.
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fundamental issue in LPL physiology for many years but was largely
ignored. Ultimately, however, the mechanism by which LPL reaches
the capillary lumen was clarified by examining the function of GPIHBP1.

GPIHBP1 was initially cloned in 2003 and belongs to the
lymphocyte antigen 6/urokinase-type plasminogen activator re-
ceptor (Ly6/uPAR; LU) superfamily, of which there are 35 members
in humans (6, 10, 11). GPIHBP1’s function in triglyceride metabo-
lism was first noted by Beigneux et al. (6) in 2007 while studying
GPIHBP1-knockout mice. The knockout mice exhibited plasma tri-
glyceride levels >5,000 mg/dL while consuming a chow diet (a
dramatic phenotype that could be explained only by defective
LPL function). A series of studies conducted by Young, Beigneux,
Fong, Ploug, and colleagues (6, 12–14) clarified themechanism by
which GPIHBP1 affects LPL activity. These researchers showed
that GPIHBP1 is expressed exclusively in endothelial cells and that
it binds LPL with high affinity and then transports LPL to the cap-
illary lumen (Fig. 1) (6, 12). They also showed that the LPL–
GPIHBP1 complex on endothelial cells is essential for the docking
of lipoproteins, allowing LPL-mediated triglyceride hydrolysis to
proceed (13). Finally, and most importantly for the realization of
the current report (7), they established that GPIHBP1 stabilizes
LPL’s structure and preserves its catalytic activity (14).

GPIHBP1 has three important domains. The first is a disordered
acidic domain in which 21 of 26 amino acids are aspartates or
glutamates. The second is a three-fingered LU domain containing
10 cysteines, all disulfide bonded. The third is a carboxyl-terminal
signal sequence that triggers the addition of a GPI anchor (1). Early
studies revealed that GPIHBP1’s LU domain is critical for LPL binding
(15), with the acidic domain playing only an accessory role in LPL
binding (14). Interestingly, however, GPIHBP1’s acidic domain plays a
crucial role in stabilizing LPL structure (14). Purified preparations of
LPL lose catalytic activity within minutes, a consequence of sponta-
neous unfolding of LPL’s hydrolase domain. This instability of LPL has
foiled previous efforts to obtain a crystal structure. The recognition
that GPIHBP1, and in particular GPIHBP1’s acidic domain, prevents
LPL unfolding raised the possibility that recombinant GPIHBP1might
be the key to successful X-ray crystallography studies. As shown by
the studies of Birrane et al. (7), this proved to be the case!

The structure of the LPL–GPIHBP1 complex by Birrane et al. (7)
reveals that one GPIHBP1 molecule binds to each LPL molecule.
One entire side of GPIHBP1’s LU domain binds to LPL, with bind-
ing mediated almost exclusively by hydrophobic contacts. An im-
proved understanding of the LPL–GPIHBP1 binding interface
represents an important step forward inasmuch as site-directed
mutagenesis studies of LPL–GPIHBP1 interactions were compli-
cated by the complex effects they had on protein conformation
and protein–protein interactions.

Consistent with prevailing dogma holding that LPL is a
homodimer, the LPL–GPIHBP1 crystal (7) revealed two LPL mole-
cules oriented in a head-to-tail orientation. While the structure
would seemingly solidify the idea that LPL is a homodimer, cau-
tion is warranted. The crystal structure showed that the two LPL
monomers interact, in a reciprocal fashion, between a hydropho-
bic lipoprotein-binding motif in the carboxyl-terminal domain of
one LPL monomer and the catalytic pocket in the amino-terminal
domain of the partner monomer. It seems somewhat unlikely that
the LPL–LPL interactions observed in the crystal structure would
be compatible with either lipoprotein binding or triglyceride hy-
drolysis, but it is still quite possible that those interactions are
physiologically relevant when triglyceride-rich lipoproteins are ab-
sent, such as in the subendothelial spaces (7). Another member of

the lipase family, pancreatic lipase, was previously crystallized and
has many structural similarities to LPL, but pancreatic lipase func-
tions as a monomer (16). Additional studies will be needed to
determine whether catalytically active LPL is truly in the form of
homodimers and, if so, whether the conformation of active homo-
dimers resembles those in the present crystal structure.

In PNAS, Birrane et al. report the crystal
structure of the LPL–GPIHBP1 complex. This
accomplishment culminates a decade of
collaborative studies by Stephen G. Young and
collaborators that have focused on defining
GPIHBP1 function in triglyceride metabolism.

As noted earlier, intravascular triglyceride hydrolysis is important
for the delivery of lipids to tissues, and defects in triglyceride hydroly-
sis cause chylomicronemia. The LPL–GPIHBP1 crystal structure (7) pro-
vided the molecular mechanisms by which LPL missense mutations
cause chylomicronemia: Onemutation introduced a polar residue into
the hydrophobic LPL–GPIHBP1 binding interface, abolishing LPL’s
ability to bind GPIHBP1; the second eliminated a residue involved in
coordinating LPL’s calcium ion. Birrane et al. (7) show that mutations in
calcium-coordinating residues abolish LPL secretion from cells. These
studies define themechanisms for twomutations, but they only scratch
the surface in understanding the dozens of other LPL and GPIHBP1
mutations associated with chylomicronemia. It seems highly likely,
however, that the LPL–GPIHBP1 structure, combined with simple lab-
oratory studies, will make it possible to define mechanisms for the vast
majority of clinically important LPL and GPIHBP1 mutations.

Seldom can a structure answer all the issues regarding a
protein’s function, and this is also the case for the LPL–
GPIHBP1 complex. First, GPIHBP1’s highly disordered acidic do-
main was not visualized in the crystal structure but appeared to be
positioned to project across, and interact with, a large basic patch in
LPL. It would be desirable to better define the interactions of the
acidic domain with LPL and elucidate how it protects LPL from
unfolding. Second, apo-CII and apo-AV, small apolipoproteins car-
ried by triglyceride-rich lipoproteins, activate LPL-mediated triglyc-
eride hydrolysis, but how they influence LPL activity remains largely
unknown—even with the LPL crystal structure in hand. Third, the
crystal structure does not provide immediate insight into how
ANGPTL3, ANGPTL4, and ANGPTL8 inhibit LPL activity (9, 17).
The ANGPTLs inhibit LPL activity, and deficiencies in these proteins
cause abnormally low plasma lipid levels (18). Mysling et al. (19)
demonstrated that ANGPTL4 catalyzes the unfolding of LPL’s hy-
drolase domain, but howANGPTLs interact with LPL to catalyze LPL
unfolding is unknown. A detailed understanding of how ANGPTLs
inactivate LPL is not only an interesting biological question, but is
one that could lead to the development of drugs to enhance tri-
glyceride hydrolysis and lower plasma lipid levels.

Despite the remaining questions detailed above, solving the
crystallographic structure for two critical proteins in plasma triglycer-
ide metabolism represents a huge step forward. There is no doubt
that this structure will now serve as a roadmap to further clarify how
amino acid changes in LPL and/or GPIHBP1 influence intravascular
triglyceride hydrolysis, and it will also likely serve as a nidus to
ultimately define the mechanisms by which apolipoproteins and
ANGPTLs regulate LPL activity.
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