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Abstract

Lipoprotein lipase (LPL), identified in the 1950s, has been studied intensively by biochemists,
physiologists, and clinical investigators. These efforts uncovered a central role for LPL in plasma
triglyceride metabolism and identified LA~L mutations as a cause of hypertriglyceridemia. By the
1990s, with an outline for plasma triglyceride metabolism established, interest in triglyceride
metabolism waned. In recent years, however, interest in plasma triglyceride metabolism has
awakened, in part because of the discovery of new molecules governing triglyceride metabolism.
One such protein—and the focus of this review—is GP IHBP1, a protein of capillary endothelial
cells. GPIHBP1 is LPL’s essential partner: it binds LPL and transports it to the capillary lumen; it
is essential for lipoprotein margination along capillaries, allowing lipolysis to proceed; and it
preserves LPL’s structure and activity. Recently, GPIHBP1 was the key to solving the structure of
LPL. These developments have transformed the models for intravascular triglyceride metabolism.
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The identification of lipoprotein lipase (LPL) as an intravascular triglyceride hydrolase
(Korn, 1955; Korn and Quigley, 1955) was a momentous discovery, one that suggested a
mechanism by which triglycerides in the bloodstream are converted to fatty acids for
utilization by vital tissues (Havel, 2010). This discovery triggered interest in triglyceride
metabolism by scientists around the globe. Soon thereafter, a deficiency of LPL was shown
to cause familial chylomicronemia (Havel and Gordon, 1960), the first example of an inborn
error in lipoprotein metabolism (Havel, 2010). LPL-mediated processing of triglyceride-rich
lipoproteins was shown to be important for utilization of dietary lipids, for generating
atherogenic remnant lipoproteins, and for contributing to the biogenesis of high-density
lipoproteins (HDL) (Havel, 2010; Havel and Kane, 2001; Rader, 2006; Rye and Barter,
2014). The observation that LPL could be released into the bloodstream with an injection of
heparin (Korn, 1955), combined with the fact that LPL binds to heparan sulfate
proteoglycans (HSPGs) /n vitro (Lookene et al., 1997b; Simionescu and Simionescu, 1986;
Vijayagopal et al., 1980), led to the proposal that the LPL inside blood vessels is bound to
HSPGs within the glycocalyx lining of blood vessels (Blanchette-Mackie et al., 1989;
Olivecrona and Bengtsson-Olivecrona, 1993). LPL was shown to be activated by
apolipoprotein (apo) Cll (Bengtsson and Olivecrona, 1979; Breckenridge et al., 1978; Havel
etal., 1970; LaRosa et al., 1970), and several lines of evidence suggested that LPL is active
as a homodimer (Garfinkel et al., 1983; Iverius and Ostlund-Lindqvist, 1976; Kobayashi et
al., 2002; Lookene and Bengtsson-Olivecrona, 1993; Lookene et al., 1994; Olivecrona and
Bengtsson-Olivecrona, 1990; Olivecrona et al., 1985; Osborne et al., 1985; Peterson et al.,
2002; Vannier and Ailhaud, 1989; Wong et al., 1994; Wong et al., 1997). The cloning of the
LPL cDNA in the 1980s (Enerback et al., 1987; Kirchgessner et al., 1987; Wion et al., 1987)
triggered studies on LPL sequences required for substrate binding, catalytic activity, and
heparin binding (Emmerich et al., 1992; Lookene et al., 1996; Lookene et al., 1997a;
Lookene et al., 1997b; Ma et al., 1994; Sendak et al., 1998), and also opened the door to
understanding LPL mutations underlying the familial chylomicronemia syndrome (Mailly et
al., 1997; Peterson et al., 2002). Together, these efforts created an outline for intravascular
lipoprotein processing—one that was taught to a generation of students and practicing
physicians. The outline changed little over several decades, contributing to a perception,
occasionally voiced at conferences during the 1990s, that the field of plasma triglyceride
metabolism was approaching maturity.

For the scientists who were actively working on plasma triglyceride metabolism, any
suggestion that the field was close to maturity would have made little sense. After all, no one
understood how LPL, an enzyme that is secreted by adipocytes and myocytes, reached its
site of action in the capillary lumen; the regulation of LPL activity was not understood; the
structure of LPL remained elusive; and many cases of chylomicronemia, both genetic and
acquired, were unexplained. Also, some features within the outline of triglyceride
metabolism needed more investigation. For example, it was unclear why the LPL secreted by
parenchymal cells would end up being attached to HSPGs in the lumen of blood vessels,
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given that HSPGs are abundant within the interstitial spaces around parenchymal cells. Also,
the idea that LPL is only active as a homodimer needed more study. Finally, the mechanisms
by which specific apolipoproteins affected the efficiency of triglyceride hydrolysis were
incompletely understood.

Over the past decade, there has been considerable progress in understanding plasma
triglyceride metabolism. Much of that progress has centered around GPIHBP1, a GPI-
anchored protein of capillary endothelial cells (Beigneux et al., 2007). GPIHBP1 is a
dedicated partner for LPL.: it captures LPL from within the subendothelial spaces and
shuttles it to the capillary lumen (Davies et al., 2012; Davies et al., 2010); it is essential for
the margination of lipoproteins along capillaries, allowing LPL-mediated triglyceride
processing to proceed (Goulbourne et al., 2014); and it stabilizes the structure and catalytic
activity of LPL (Mysling et al., 2016a; Mysling et al., 2016b). Recently, GPIHBP1 proved to
be crucial for solving the structure of LPL (Birrane et al., 2019; Horton, 2019; Arora et al.,
2019). Here, we review recent insights into the functions of GPIHBP1 and LPL in
intravascular lipolysis, including insights derived from the structures of those proteins.

GPIHBP1 and plasma triglyceride metabolism

GPIHBP1 was initially identified during a screen of a mouse liver cDNA library for clones
that render CHO cells capable of binding HDL (loka et al., 2003). The screen uncovered SR-
B1, long recognized as an HDL-binding protein (Acton et al., 1996), and GPIHBP1, a GPI-
anchored Ly6/uPAR (LU) protein with a long stretch of negatively charged amino acids at its
amino terminus (loka et al., 2003). To this day, it is unclear why GPIHBP1 appeared in that
screen, given that Gin and colleagues found little evidence of HDL, apo-Al, or apo-E
binding to GPIHBP1-expressing cells (Gin et al., 2011). Our best guess is that the HDL used
in the initial screen contained small amounts of LPL (which binds to GPIHBP1 avidly) or
was enriched in apo-AV (a “heparin-binding” apolipoprotein that has been reported to bind
to the negatively charged domain at the amino terminus of GPIHBP1) (Gin et al., 2011; Gin
et al., 2008).

The first clue that GPIHBP1 was important for plasma triglyceride metabolism was finding
severe hypertriglyceridemia in GpihbpI knockout mice (Gpihbp1-) (Beigneux et al., 2007;
Weinstein et al., 2010a; Weinstein et al., 2010b). That discovery, combined with the finding
that GPIHBP1 binds LPL and is expressed by endothelial cells, suggested that GRIHBP1
could be the binding site for LPL on endothelial cells (/.e., the “platform” for LPL-mediated
lipoprotein processing) (Beigneux et al., 2007).

Subsequent studies showed that GPIHBP1’s function is more substantial than simply serving
as a binding site for LPL within capillaries. GPIHBP1 is a crucial partner for LPL in four
ways (Figure 1). First, the GPIHBP1 on the abluminal surface of capillary endothelial cells
is important for capturing LPL from within the subendothelial spaces (Davies et al., 2010;
Kristensen et al., 2018). Second, GPIHBP1 binding stabilizes the structure and activity of
LPL (Kristensen et al., 2018; Mysling et al., 2016a; Mysling et al., 2016b). Third, GPIHBP1
shuttles LPL across capillary endothelial cells to its site of action in the capillary lumen
(Davies et al., 2010). Fourth, GPIHBP1-bound LPL is critical for the margination of
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lipoproteins in the bloodstream (Goulbourne et al., 2014), allowing LPL-mediated
lipoprotein processing to proceed.

GPIHBP1’s function in transporting LPL across capillaries was evident from the distribution
of LPL in the tissues of wild-type and Gpifbp1-'~ mice (Davies et al., 2010). In wild-type
mice, most of the LPL in tissues is bound to GPIHBP1 on capillary endothelial cells (Figure
2A), where it is distributed evenly between the luminal and abluminal plasma membranes
(Davies et al., 2012; Davies et al., 2010). In Gpihbp1~~ mice, LPL never reaches the
capillary lumen (Davies et al., 2010). Instead, the LPL in GpihbpZ~~ mice remains stranded
within the interstitial spaces, presumably bound to HSPGs in close proximity to the surface
of cells (both parenchymal cells and capillary endothelial cells) (Davies et al., 2010) (Figure
2A).

By immunohistochemistry, GPIHBP1 is expressed solely in capillary endothelial cells and is
absent in endothelial cells of venules, arterioles, and larger blood vessels (Beigneux et al.,
2007; Davies et al., 2010) (Figure 2B). GPIHBP1 is found in capillaries of all peripheral
tissues, with particularly high levels in the heart and adipose tissue (where LPL-mediated
processing of lipoproteins is robust), but it is absent from capillaries of the brain (Beigneux,
2010; Beigneux et al., 2007; Davies et al., 2010; Olafsen et al., 2010), which uses glucose
for fuel (Mergenthaler et al., 2013). Consistent with immunohistochemistry studies,
Gpihbpl transcripts are absent from capillary endothelial cells of the brain, as judged by
single-cell RNA-seq studies (He et al., 2018b; Vanlandewijck et al., 2018). Interestingly,
high levels of GPIHBP1 expression are observed in capillaries of the lung, a tissue where
LPL expression is low (Olafsen et al., 2010). GPIHBP1 in lung capillaries appears to play a
role in scavenging LPL that escapes into the plasma compartment (Goulbourne et al., 2014),
but the physiologic importance of that role is unclear. GRIHBP1 deficiency does not appear
to affect pulmonary function.

Why GPIHBP1 expression is restricted to the endothelial cells of the capillaries of
peripheral tissues and why GPIHBP1 is expressed at higher levels in some tissues than
others are poorly understood. An enhancer element was recently identified ~3.6 kb upstream
of exon 1 of Gpihbp1 (Allan et al., 2018). Deleting that enhancer reduced Gpihbp1
transcripts in heart and brown adipose tissue by ~50% but nearly eliminated transcripts in
liver and kidney (Allan et al., 2018).

By immunohistochemistry, the tissue distribution of LPL in peripheral tissues mirrors that of
GPIHBPL1. Even though LPL is synthesized and secreted by parenchymal cells, the vast
majority of the LPL in tissues is bound to GPIHBP1 on capillary endothelial cells (Beigneux
et al., 2007; Davies et al., 2010).

GPIHBP1’s transport function was established by studies showing that GPIHBP1 transports
a GPIHBP1-specific monoclonal antibody from one side of an endothelial cell to the other
(Davies et al., 2010). The movement of GPIHBP1 across endothelial cells is bidirectional
(Davies et al., 2012). When wild-type mice are injected intravenously with a fluorescently
labeled GPIHBP1-specific monoclonal antibody, the antibody initially binds to GPIHBP1
within the capillary lumen but then quickly appears on the abluminal surface of capillaries.
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Conversely, when the antibody is injected into tissues, it first associates with GPIHBP1 on
the outside of capillaries but then quickly appears in the capillary lumen. Antibody transport
did not occur in Gpihbp1~~ mice. GPIHBP1 appears to be a long-lived protein (Olafsen et
al., 2010), implying that GPIHBP1 could make multiple trips across endothelial cells, with
each trip providing an opportunity to capture LPL and bring it to the capillary lumen.

The intravascular processing of triglyceride-rich lipoproteins by LPL requires that the
lipoproteins in the bloodstream stop (marginate) along capillaries. For years, lipoprotein
margination was assumed to involve electrostatic interactions between positively charged
apolipoproteins on lipoproteins and the negatively charged HSPGs that line the luminal
surface of endothelial cells (de Beer et al., 1999; Lookene et al., 1997b; Wang and Eckel,
2009). More recent studies revealed that lipoprotein margination is utterly dependent on
GPIHBP1—and more specifically on the GPIHBP1-LPL complex (Goulbourne et al.,
2014). GPIHBP1 expression alone is not sufficient for lipoprotein margination along
capillaries; lipoprotein margination is negligible in lung capillaries, where GPIHBP1 is
abundant but LPL expression is low. However, when the GPIHBPL1 in lung capillaries was
artificially loaded with exogenous bovine LPL, lipoprotein margination along lung
capillaries was robust (Goulbourne et al., 2014).

Fluorescently labeled lipoproteins, when injected intravenously into wild-type mice, rapidly
marginate along capillaries of the heart, co-localizing with LPL and GPIHBP1. In contrast,
lipoprotein margination is negligible along capillaries in hearts of Gpihbp1~ mice, which
are devoid of GPIHBP1-LPL complexes (Goulbourne et al., 2014). /n vitro studies indicated
that lipoprotein binding to the GPIHBP1-LPL complex depends on a tryptophan-rich loop
within the carboxyl-terminal domain of LPL (Goulbourne et al., 2014).

Because the GPIHBP1-LPL complex is anchored to the plasma membrane of endothelial
cells and because the luminal surface of endothelial cells is covered by an HSPG-rich
glycocalyx, it was initially unclear how the GPIHBP1-LPL complex would be able to
participate in lipoprotein margination. However, electron microscopy (EM) studies revealed
that the glycocalyx on the surface of capillaries is patchy, with tufts of glycocalyx
interrupted by “meadows” where the plasma membrane is exposed (Goulbourne et al.,
2014). EM tomography suggested that lipoproteins bind to capillaries within the gaps in the
glycocalyx (Goulbourne et al., 2014).

Relevance of GPIHBP1 expression to uptake of lipoprotein-derived

nutrients by tissues

The turnover of triglyceride-rich lipoproteins in the bloodstream is quite rapid (Havel,
2010). Recent NanoSIMS imaging studies revealed that the movement of the fatty acid
products of lipolysis across endothelial cells and into surrounding parenchymal cells is also
rapid (He et al., 2018a). After administering [2H]triglyceride-enriched lipoproteins (2H-
TRLs) to wild-type mice by an intravenous injection, it was possible to visualize the
margination of 2H-TRLs in heart capillaries as early as 30 sec after the injection (He et al.,
2018a). As early as 2 min after the injection, substantial amounts of deuterium had already
entered the mitochondria and cytosolic lipid droplets of cardiomyocytes (He et al., 2018a)
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(Figure 3A). Interestingly, deuterium enrichment in capillary endothelial cells and
cardiomyocytes was similar (7.e., there was little evidence that endothelial cells play a
gatekeeper role in the movement of fatty acids into cardiomyocytes). When isolated hearts
from wild-type mice were perfused with 2H-TRLSs, similar findings were observed—rapid
margination of 2H-TRLs along capillaries and rapid uptake of fatty acids into cytosolic lipid
droplets (He et al., 2018a). When isolated hearts from Gpihbp1-'~ mice were perfused with
2H-TRLs, the margination of 2H-TRLs was absent and 2H enrichment in the cytosolic
triglyceride droplets of cardiomyocytes was markedly reduced (He et al., 2018a).

Properties of GPIHBP1 required for LPL binding

Mature GPIHBP1 contains two key domains, a disordered amino-terminal acidic domain
and an LU domain containing 10 cysteines, all arranged in a characteristic spacing pattern
and all disulfide bonded (Beigneux et al., 2011; Mysling et al., 2016a). The five disulfide
bonds stabilize the assembly of three loops and form the hallmark three-fingered scaffold of
the LU domain (Leth et al., 2019). The acidic domain of human GPIHBP1 is impressive,
with 21 acidic amino acids (glutamates or aspartates) in 26 consecutive residues. A sulfated
tyrosine, located in the middle of the acidic domain (Kristensen et al., 2018), adds to the
negative charge. The GPIHBP1 in every mammalian species contains an acidic domain, but
the precise sequence and length of the domain is variable. For example, the acidic domain in
opossum GPIHBP1 contains 32 aspartates or glutamates in 39 consecutive residues,
including a stretch of 23 consecutive aspartates (Fong et al., 2016). Like all GPI-anchored
proteins, GPIHBP1 contains a carboxyl-terminal hydrophobic signal peptide that triggers the
addition of a GPI anchor within the endoplasmic reticulum (Ferguson et al., 2009).

GPIHBP1’s LU domain is required for the stability of LPL binding, contributing to a long
half-life for the GPIHBP1-LPL complex (ty, ~ 35 s). When GPIHBP1’s LU domain is
replaced with an LU domain from another member of the LU family (Gin et al., 2008) or
when any of the 10 cysteines in GPIHBP1’s LU domain is mutated (Beigneux et al., 2009b),
stable interactions with LPL are abolished. Aside from the 10 cysteines, alanine-scanning
mutagenesis of GPIHBP1’s LU domain uncovered 12 additional residues required for LPL
binding, with the majority located in conserved segments within the second finger of the LU
domain (amino acids 89-110) (Beigneux et al., 2011). Many mutations in GPIHBP1’s LU
domain interfered with disulfide bonding and promoted the formation of disulfide-linked
GPIHBP1 dimers and multimers (Beigneux et al., 2015; Plengpanich et al., 2014), but there
was one noteworthy exception. Mutations in GPIHBP1 Trp-109 abolished LPL binding
without interfering with disulfide bonding or promoting protein multimerization, suggesting
that Trp-109 plays a direct role in the GPIHBP1-LPL binding interface (Beigneux et al.,
2015). Consistent with that idea, hydrogen—deuterium exchange mass spectrometry (HDX-
MS) studies showed that the binding of LPL to GPIHBP1 protects GPIHBP1 residues 104—
128 from solvent exposure and reduces deuterium uptake into GPIHBP1 (Mysling et al.,
2016a).

Studies by Gin and coworkers (Gin et al., 2012) revealed that GPIHBP1 binds to the
carboxyl-terminal domain of LPL (residues 325-475). Consistent with those findings, an
LPL-specific monoclonal antibody with an epitope within the carboxyl-terminal domain of
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LPL, 88B8, blocks LPL binding to GPIHBP1 (Allan et al., 2016). Also, two different
missense mutations within the carboxyl-terminal domain of LPL, C445Y and E448K, first
identified in patients with severe hypertriglyceridemia (Henderson et al., 1998; Henderson et
al., 1996), abolish LPL binding to GPIHBP1 (Moss et al., 2011). Finally, HDX-MS studies
revealed that when GPIHBP1 is bound to LPL, residues 429-446 in LPL’s carboxyl-
terminal domain are protected from solvent exposure and deuterium uptake, implying that
those residues are involved in GPIHBP1 binding (Mysling et al., 20163).

Deciphering functions for GPIHBP1’s intrinsically disordered acidic domain

To explore the contributions of GPIHBP1’s LU and acidic domains to the formation of the
GPIHBP1-LPL complex, the kinetics of LPL binding to full-length GPIHBP1 and “Aacidic-
GPIHBP1” (a GPIHBP1 mutant lacking the amino-termin al acidic domain) were analyzed
by surface plasmon resonance (SPR). In these studies, the two different GPIHBP1 proteins
were passed over a sensor chip coated with LPL (which had been tethered to the sensor chip
with the LPL-specific monoclonal antibody 5D2) (Kristensen et al., 2018; Mysling et al.,
2016a). Both full-length GPIHBP1 and Aacidic-GPIHBP1 bound LPL with nanomolar
affinities, but the binding of full-length GPIHBP1 was stronger. Interestingly, the stability of
the GPIHBP1-LPL complex, as judged by the dissociation rate constant (k,z), was nearly
identical for full-length GPIHBP1 and Aacidic-GPIHBP1 (2 x 1072 s71) (Mysling et al.,
2016a). However, the association rate constants () for Aacidic-GPIHBP1 (0.1 x 106 M-1
s71) and full-length GPIHBP1 (2.6 x 107 M~1 s71) were very different, highlighting a key
role for GPIHBP1’s acidic domain in accelerating the encounter rate and promoting the
formation of the GPIHBP1-LPL complex (Kristensen et al., 2018). Furthermore, the &, for
full-length GPIHBP1-LPL binding was sensitive to the ionic strength of the buffer and was
as high as 3 x 108 M~1 s71 under physiological conditions, underscoring the importance of
electrostatic steering in the initial interaction between LPL and full-length GPIHBP1
(Kristensen et al., 2018). Under physiologic conditions, GPIHBP1’s disordered acidic
domain increases the velocity of LPL binding by >2500-fold. These observations are likely
relevant to the ability of GPIHBP1 to capture LPL from within the interstitial spaces along
the basolateral surface of capillaries.

Kristensen and coworkers recently investigated GPIHBP1-LPL interactions in more detail
(Kristensen et al., 2018). They established that the stoichiometry of GPIHBP1 binding to
LPL is 1:1 (Kristensen et al., 2018). Remarkably, a peptide corresponding to GPIHBP1’s
acidic domain also bound to LPL with 1:1 stoichiometry. They also found, by SPR, that the
sulfated tyrosine (Tyr-38) in GPIHBP1’s acidic domain contributes to the strength of LPL
binding. When Tyr-38 was replaced with Phe, the Kp for GPIHBP1-LPL binding increased
threefold (Kristensen et al., 2018). Finally, they documented, by SPR, large differences in
the abilities of full-length GPIHBP1 and Aacidic-GPIHBP1 to dislodge LPL when it was
bound to a sensor chip containing immobilized short-chain heparin moieties. Full-length
GPIHBPL1 dislodged heparin-bound LPL efficiently, whereas Aacidic-GPIHBP1 did not
(despite the fact that Aacidic-GPIHBP1 was able to bind to the LPL) (Kristensen et al.,
2018).
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The fact that full-length GPIHBP1 effectively captures LPL from heparin is probably
relevant to LPL trafficking to capillaries. As noted earlier, the LPL in GpihbpZ'~ mice is
stranded within the interstitial spaces, bound to HSPGs near the surface of cells (Davies et
al., 2010). The interactions between LPL and HSPGs within the interstitium are transient
(7.e., with a high k,z), but the abundance of HSPG binding sites means that LPL in
GpihbpI'= tissues is retained within the interstitium rather than escaping into the lymphatic
circulation. The same interstitial HSPG binding sites exist in wild-type mice; however, the
dynamic nature of LPL-HSPG interactions allows the LPL to move to more stable
GPIHBP1 binding sites on capillaries. The ability of GPIHBP1 to recruit LPL away from
interstitial HSPG binding sites has been documented experimentally. When GPIHBP1-
coated agarose beads were implanted into the brown adipose tissue of GpihbpI-— mice,
HSPG-bound LPL within the interstitial spaces moved to the GPIHBP1-coated beads,
depleting LPL stores within the interstitium (Allan et al., 2017b).

Recent immunohistochemical studies on LPL localization in tissues of GpihbpI~ mice
yielded further insights into the trafficking of LPL within the interstitium (Kristensen et al.,
2018). As expected, the LPL in the heart and skeletal muscle of Gpifbpl~ mice was
mislocalized to the interstitium. Interestingly, however, the amount of LPL adjacent to
endothelial cells was greater than the amount adjacent to myocytes (Kristensen et al., 2018).
Thus, even in the absence of GPIHBP1, the LPL within the interstitium appears to associate
preferentially with HSPGs on the outside of capillary endothelial cells. We propose that
“directed diffusion” (Duchesne et al., 2012) along an HSPG electrostatic gradient is
responsible for the flow of LPL from the HSPGs near myocytes to HSPGs on the outer
surface of endothelial cells. The same directional LPL movement presumably exists in
tissues of wild-type mice, generating a pool of LPL for capture by GPIHBP1 on endothelial
cells. Small-angle X-ray scattering (SAXS) studies showed that GPIHBP1’s disordered
acidic domain, as it projects from the LU domain, occupies a large mushroom-shaped space
with a diameter of 112 A (Kristensen et al., 2018). In tissues, GPIHBP1’s acidic domain
likely projects at least 100 A from the basolateral plasma membrane of endothelial cells and
probably functions in a fly-casting—like mechanism (Shoemaker et al., 2000) to engage the
LPL that is bound in a dynamic fashion to HSPGs and drive it into a stable complex with
GPIHBP1’s LU domain.

The explanation for the preferential association of interstitial LPL with endothelial cells in
GpihbpI~ mice is unknown, but the existence of HSPGs on endothelial cells is well
documented. Collagen XVIII, a basement membrane HSPG, is found on capillary
endothelial cells, as judged by immunohistochemistry (Bishop et al., 2010). Also,
NanoSIMS analyses of 32S distribution in tissues appear consistent with the existence of
HSPGs adjacent to cardiomyocytes and endothelial cells (Figure 3B). 32S is found in
methionines and cysteines of all cellular proteins, but the amount of 32S (relative to 1N) is
greater within the interstitial spaces near the surface of cardiomyocytes and endothelial cells
than in the 14N-rich cytoplasm of those cells. Larger amounts of 323, relative to 14N, are also
observed in the capillary lumen, likely due to HSPGs in the glycocalyx of endothelial cells
(Figure 3B).

Cell Metab. Author manuscript; available in PMC 2020 July 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Young et al.

Page 9

GPIHBPL1 stabilizes the structure and activity of LPL, even in the presence

of endogenous LPL inhibitors

For years, biochemists and physiologists have noted that catalytic activity disappears rapidly
when purified preparations of LPL are incubated at room temperature. HDX-MS studies by
Mysling and coworkers (Mysling et al., 2016a) provided a likely explanation. When LPL is
incubated at 25°C with deuterated water (2H,0), deuterium uptake into specific regions of
LPL results in bimodal isotope envelopes, reflecting progressive unfolding of those regions
(Figure 4A). Bimodal isotope envelopes were observed in peptides corresponding to LPL’s
amino-terminal hydrolase domain, including in a peptide spanning LPL’s catalytic triad
(Figure 4B), but they were nearly absent in peptides from LPL’s carboxyl-terminal domain,
which has a more stable conformation. The appearance of bimodal deuterium signatures in
the amino-terminal domain was accompanied by a parallel fall in LPL catalytic activity
(Mysling et al., 2016a). The binding of GPIHBP1 to LPL markedly reduced both the
unfolding of LPL’s amino-terminal domain and the loss of catalytic activity, demonstrating
that GPIHBP1 preserves the structural integrity and catalytic activity of LPL. Interestingly,
the protective effect of GPIHBP1 was largely due to GPIHBP1’s intrinsically disordered
acidic domain (Mysling et al., 2016a). First, the preservation of LPL structure and catalytic
activity was much greater with full-length GPIHBP1 than with Aacidic-GPIHBP1 (Mysling
et al., 2016a). Second, a synthetic peptide corresponding to GPIHBP1’s acidic domain
reduced both LPL unfolding and the loss of triglyceride hydrolase activity.

The spontaneous unfolding of LPL, as judged by HDX-MS studies, is more than an /n vitro
biochemical curiosity. In follow-up studies, Mysling and coworkers (Mysling et al., 2016b)
showed that ANGPTL4, a physiologic inhibitor of LPL, inactivates LPL by catalyzing LPL
unfolding. Spontaneous unfolding of LPL, as judged by HDX-MS, is relatively slow, with
~7% unfolding after 5 min at 25°C and 29% unfolding after 30 min. In contrast, incubating
LPL with sub-stoichiometric amounts of ANGPTL4 (a 10:1 LPL to ANGPTL4 molar ratio)
resulted in ~70% unfolding of LPL in 5 min. Mysling and coworkers also tested the capacity
of an ANGPTL4 polymorphic variant, ANGPTL4E4K to catalyze LPL unfolding (Mysling
etal., 2016b). The ANGPTL4E40K variant, present in 3% of Caucasians, is associated with
lower plasma triglyceride levels and reduced risk of coronary disease (Dewey et al., 2016;
Helgadottir et al., 2016; Investigators et al., 2016). The capacity of ANGPTL4E4K o
catalyze LPL unfolding was ~60% lower than that of wild-type ANGPTLA4. Consistent with
those findings, LPL incubated with ANGPTL4F40K retained 40-50% more catalytic activity
than LPL incubated with wild-type ANGPTLA4. The reduced capacity of ANGPTL4E40K to
inactivate LPL [which is almost certainly due to instability of a functionally important a-
helix in ANGPTL4 (Mysling et al., 2016b)], presumably explains the reduced plasma
triglyceride levels in ANGPTL4E40K carriers.

The fact that LPL activity is regulated by an inhibitory protein (7.e., ANGPTL4) that
promotes unfolding is, to the best of our knowledge, a novel mechanism for controlling the
activity of an enzyme. Mysling and colleagues (Mysling et al., 2016b) proposed that
ANGPTLA4 interacts transiently with LPL and promotes an unstable conformation that leads
inexorably to enzyme inactivation. Another group reported that inactivation of LPL by
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ANGPTLA4 is reversible when the inactivation of LPL is performed in the presence of
deoxycholate (Gutgsell et al., 2019; Lafferty et al., 2013), a detergent that stabilizes LPL
activity (Bengtsson and Olivecrona, 1979). The significance of this finding is unclear, in part
because the relevance of deoxycholate-stabilized LPL to the normal physiology of
intravascular lipolysis is open to question. Also, the LPL activity in those studies was
assessed with a soluble substrate rather than with an emulsified triglyceride substrate.
Finally, the ANGPTL4 proved to be a relatively inefficient inhibitor under the conditions
that were studied, with a K;of 0.86-1.7 uM (Gutgsell et al., 2019; Lafferty et al., 2013).

In the studies by Mysling and coworkers, full-length GPIHBP1 protected LPL from
ANGPTL4-mediated unfolding, but there was little protection by Aacidic-GPIHBP1 or an
acidic domain peptide (Mysling et al., 2016b). Of note, the inactivation of LPL by
ANGPTL4 was not reversible; the loss of LPL activity with ANGPTLA4 could not be
reversed by adding GPIHBP1 to the incubation mixture (Mysling et al., 2016b). Mysling and
coworkers proposed that the anchoring of GPIHBP1’s LU domain to LPL results in optimal
positioning of GPIHBP1’s acidic domain, allowing it to stabilize LPL structure and activity
(Mysling et al., 2016b). From the standpoint of plasma triglyceride physiology, the ability of
GPIHBP1 to preserve LPL structure and activity (even in the presence of inhibitory proteins)
probably serves to focus catalytically active LPL where it needs to be for lipoprotein
processing (7.e., in the capillary lumen). It seems likely that at least some of the regulation of
LPL by ANGPTL4 occurs before LPL reaches the capillary lumen. Kersten and
collaborators showed that ANGPTL4 can inactivate LPL in the secretory pathway of
adipocytes (Dijk et al., 2016). Also, the LPL in the interstitial spaces, as it moves towards
endothelial cells, could be susceptible to inhibition by ANGPTL4. Nilsson and coworkers
suggested that the interstitial spaces may be a site for ANGPTL4-mediated regulation of
LPL (Nilsson et al., 2012).

ANGPTL3, another physiologic inhibitor of LPL, also catalyzes LPL unfolding, but it is less
potent than ANGPTL4—at least under the experimental conditions that were tested
(Mysling et al., 2016b). ANGPTL3-catalyzed LPL unfolding is also inhibited by the binding
of GPIHBP1. In the case of ANGPTL3, several studies have demonstrated that the
functional inhibitory unit is actually a complex of ANGPTL3 and ANGPTLS8 (Chi et al.,
2015; Haller et al., 2017; Quagliarini et al., 2012) and that this complex is as efficient as
ANGPTLA4 in inactivating LPL (Kovrov et al., 2019).

Familial chylomicronemia from GPIHBP1 mutations

Soon after the discovery of chylomicronemia in GpifbpZ'- mice, GPIHBP1 mutations were
identified in patients with familial chylomicronemia syndrome (Ariza et al., 2016; Beigneux
et al., 2009a; Charriere et al., 2011; Coca-Prieto et al., 2011; Franssen et al., 2010; Gonzaga-
Jauregui et al., 2014; Olivecrona et al., 2010; Plengpanich et al., 2014; Rabacchi et al., 2016;
Rios et al., 2012; Yamamoto et al., 2013). The chylomicronemia that results from GP/HBP1
mutations presents in infancy (Rios et al., 2012) and persists lifelong, with plasma
triglycerides often exceeding 2000 mg/dl. Two mutant GP/HBP1 alleles are required for
disease; the plasma triglyceride levels in heterozygotes are normal. A variety of different
GPIHBP1 mutations have been uncovered but the majority have involved one of the
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cysteines in the LU domain (e.g., C65Y, C65S, C68Y, C68G, C68R, C83R, C89F) or a
residue in close proximity to a cysteine (e.g., Q115P, T111P). In one kindred,
chylomicronemia was caused by the introduction of an unpaired cysteine into the LU
domain (S107C) (Plengpanich et al., 2014). Chylomicronemia was also observed in the
setting of a TBOK mutation, which interferes with N-linked glycosylation and trafficking of
GPIHBP1 to the plasma membrane (Ariza et al., 2016). A G175R substitution has been
observed in several patients with hypertriglyceridemia (Beigneux et al., 2017; Charriere et
al., 2011; Chyzhyk et al., 2019) but is unlikely to be causative. G175 is located in the signal
peptide that is normally replaced by the GPI anchor (/.e., it is not present in mature
GPIHBP1). The G175R substitution has no significant effect on the addition of the GPI
anchor (Beigneux et al., 2017). No one has yet uncovered a GP/HBPI mutation that results
in the deletion of all or part of GPIHBP1’s acidic domain.

Low levels of LPL in the pre- and post-heparin plasma are a hallmark of GPIHBP1
deficiency and presumably reflect reduced amounts of LPL within capillaries (Beigneux et
al., 2009a; Olivecrona et al., 2010; Plengpanich et al., 2014). Low levels of GPIHBP1 in the
plasma are another hallmark (Beigneux et al., 2017). Heterozygous carriers of GP/IHBP1
mutations have ~half-normal plasma levels of GPIHBP1 (Beigneux et al., 2017; Miyashita et
al., 2018b).

GPIHBPI missense mutations causing chylomicronemia abolish the capacity of GPIHBP1
to bind LPL (Franssen et al., 2010; Olivecrona et al., 2010; Plengpanich et al., 2014). In cell
transfection studies, missense mutations involving cysteine residues (e.g., C65Y, C65S,
C68G) interfere with disulfide bonding and result in the appearance of disulfide-linked
GPIHBP1 dimers and multimers on the surface of cells (Beigneux et al., 2015). The
GPIHBP1 dimers and multimers have no capacity to bind LPL (Beigneux et al., 2015;
Plengpanich et al., 2014). The fact that dimeric and multimeric GPIHBP1 proteins were able
to reach the surface of the transfected cells was somewhat surprising, given that a cysteine
mutation in CD59 (another LU protein) abolished CD59 trafficking to the plasma membrane
(Nevo et al., 2013). Given that observation, it seemed possible that the appearance of
GPIHBP1 dimers and multimers on the surface of transfected cells was simply an artifact of
protein overexpression. To explore that possibility, Allan and coworkers (Allan et al., 2017a)
created knock-in mice harboring a cysteine substitution in the LU domain [C63Y,
corresponding to a mutation observed in humans (Franssen et al., 2010)]. Homozygotes
exhibited severe chylomicronemia, even on a low-fat chow diet. GPIHBP1-C63Y reached
the surface of endothelial cells and could be easily detectable by immunohistochemistry, but
the amount was reduced by 70% (Allan et al., 2017a). No LPL was bound to GPIHBP1-
C63Y in the capillary lumen, demonstrating that the mutant protein had no capacity to bind
LPL. Interestingly, most of the GPIHBP1-C63Y on the surface of endothelial cells /n vivo
was monomeric; only small amounts of disulfide-linked dimers were detected. Thus, the
capillary endothelial cells /n vivo appear to be more efficient than transfected CHO cells in
removing misfolded GPIHBP1 proteins (including dimers and multimers), thereby limiting
the amounts of GPIHBPL1 that reach the surface of cells.
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Chylomicronemia from GPIHBP1 autoantibodies

Chylomicronemia occasionally appears spontaneously, and some of these “acquired” cases
are caused by GPIHBP1 autoantibodies (“GPIHBP1 autoanti body syndrome™) (Beigneux et
al., 2017; Eguchi et al., 2019; Hu et al., 2017a; Kersten, 2017). This disorder was discovered
fortuitously while characterizing a monoclonal antibody-based ELISA designed to measure
plasma levels of GPIHBP1 (Beigneux et al., 2017; Miyashita et al., 2018a). In those studies,
two plasma samples, both from patients with chylomicronemia, had abnormally low
GPIHBP1 levels, and the GPIHBP1 levels remained low even after “spiking” the plasma
samples with recombinant GPIHBP1. The latter finding strongly suggested “immunoassay
interference,” which can be caused by autoantibodies. Additional studies revealed that the
plasma from the two chylomicronemia patients did indeed contain GPIHBP1 autoantibodies
(Beigneux et al., 2017). Of note, the autoantibodies abolished the capacity of GPIHBP1 to
bind LPL. Patients with the GPIHBP1 autoantibody syndrome invariably have low plasma
levels of LPL, consistent with the inability of GPIHBP1 to bind LPL and transport it to the
capillary lumen (Beigneux et al., 2017). Subsequent studies revealed that GPIHBP1
autoantibodies are directed against GPIHBP1’s LU domain, not the acidic domain
(Kristensen et al., 2018).

The plasma triglyceride levels in patients with the GPIHBP1 autoantibody syndrome are
extremely high, typically exceeding 1500 mg/dl, and many of the patients had experienced
an episode of acute pancreatitis. In some cases, GPIHBP1 autoantibodies were the sole
manifestation of autoimmune disease, but the majority of patients had clinical or serological
evidence of an autoimmune disease (é.g., systemic lupus erythematosus; SLE) (Beigneux et
al., 2017). One patient with SLE and GPIHBP1 autoantibodies became pregnant and
delivered a baby girl. The newborn infant manifested severe chylomicronemia that resolved
after several weeks, presumably coinciding with disappearance of maternal GPIHBP1
autoantibodies (Beigneux et al., 2017). In another patient with autoimmune thyroid disease
and multiple sclerosis (Kawahara et al., 2017), GPIHBP1 autoantibodies appeared after
initiating B-interferon treatment (Eguchi et al., 2019). [B-interferon can, in some patients,
cause worsening of autoimmune diseases (Banchereau and Pascual, 2006; Di Domizio and
Cao, 2013; Silva, 2012).] In that patient, the GPIHBP1 autoantibodies disappeared and the
plasma triglycerides normalized after p-interferon therapy was discontinued (Eguchi et al.,
2019).

In the patient treated with B-interferon, the GPIHBP1 autoantibodies were largely subclass
IgG4 (Eguchi et al., 2019). 1gG4 autoantibodies have been reported to cause a variety of
autoimmune diseases, typically by disrupting protein—protein interactions rather than by
fixing complement and inducing tissue injury (Huijbers et al., 2018; Koneczny, 2018).
Whether most patients with the GPIHBP1 autoantibody syndrome have 1gG4 autoantibodies
remains to be determined. It will also be important to determine if immune complexes are
present in the plasma of affected patients. The presence of immune complexes could have
been overlooked by the ELISAs used to detect GPIHBP1 autoantibodies (Beigneux et al.,
2017; Miyashita et al., 2018a).
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The frequency of the GPIHBP1 autoantibody syndrome among patients with acquired forms
of chylomicronemia is unclear, but our experience, while limited, suggests that the syndrome
may not be particularly rare (Beigneux et al., 2017). In our experience, if any GPIHBP1
autoantibodies can be detected, the patient invariably has severe chylomicronemia. We have
no evidence that GPIHBP1 autoantibodies explain cases of mild-to-moderate
hypertriglyceridemia. In one patient, the chylomicronemia resulting from GPIHBP1
autoantibodies resolved spontaneously (Hu et al., 2017a). In two cases, the chylomicronemia
resolved after initiating immunosuppressive treatment, and in one of those cases, the
normalization of triglyceride levels was accompanied by the disappearance of GPIHBP1
autoantibodies (Beigneux et al., 2017). More experience is needed to establish the natural
history and treatment strategies for the GPIHBP1 autoantibody syndrome.

A crystal structure for the GPIHBP1-LPL complex

The structure of LPL remained elusive for decades, forcing investigators to rely on a
homology model (Kobayashi et al., 2002) derived from the structure of pancreatic lipase, a
distantly related lipase family member (Winkler et al., 1990). The absence of a structure for
LPL was not for lack of trying; several laboratories attempted to generate LPL crystals but
none succeeded, likely because of the propensity of LPL to unfold (Mysling et al., 2016a).
Inspired by the discovery that GPIHBPL1 stabilizes LPL structure and activity, Birrane and
coworkers solved the crystal structure of a GPIHBP1-LPL complex at 2.8 A resolut ion
(Birrane et al., 2019; Horton, 2019).

The crystallographic unit contained two LPL-GPIHBP1 complexes, with the two LPL
molecules arranged in a head-to-tail orientation, with the Trp-rich loop in LPL’s carboxyl-
terminal domain interacting with the catalytic pocket in the LPL’s amino-terminal domain.
The same conformation was observed for the complex in solution by small-angle X-ray
scattering (SAXS) studies (Birrane et al., 2019). The structure of LPL contained an amino-
terminal hydrolase domain with six a-helices and ten p-strands and a carboxyl-terminal
flattened p-barrel domain containing twelve B-strands (Birrane et al., 2019). LPL contained
two N-linked glycans and one calcium ion in the amino-terminal catalytic domain.

Portions of the Trp-rich loop and the lid covering the catalytic pocket were not well defined
in the structure by Birrane and coworkers (Birrane et al., 2019). However, very recently,
Arora and coworkers solved the crystal structure for a GRIHBP1-LPL complex in the
presence of a weak competitive inhibitor of LPL (Arora et al., 2019). That LPL structure
was similar to the one reported earlier (Birrane et al., 2019); however, the presence of the
inhibitor in LPL’s active site permitted a higher definition of the Trp-rich loop and the lid
domain.

The GPIHBP1 was bound to the carboxyl-terminal domain of LPL and, as expected,
contained a classic LU fold with three loops stabilized by five disulfide bonds (Leth et al.,
2019). Electron densities corresponding to GPIHBP1’s acidic domain could not be identified
in the GPIHBP1-LPL crystal structures, which was not surprising, given that the acidic
domain is disordered and binds LPL in a transient and dynamic fashion (Kristensen et al.,
2018).
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The interface between GPIHBP1 and LPL is large (~940 A2) and mediated largely by
hydrophobic contacts (Birrane et al., 2019). Consistent with results from mutagenesis and
HDX-MS studies (Beigneux et al., 2011; Beigneux et al., 2015; Mysling et al., 2016a),
Trp-109 and adjacent residues in the second finger of GPIHBP1 were directly involved in
the binding interface. Extensive sequences within the carboxyl-terminal domain of LPL,
including sequences that had been implicated by mutagenesis and HDX-MS studies (Hu et
al., 2017b; Mysling et al., 2016a; Voss et al., 2011), participated in the GPIHBP1-LPL
binding interface.

With the GPIHBP1-LPL crystal structure in hand, one of our early questions was whether
the binding site for GPIHBP1 on LPL might resemble the binding site for colipase on
pancreatic lipase (PL). Like GPIHBP1, colipase is a small, multi-fingered cysteine-knot
protein stabilized by five disulfide bonds (van Tilbeurgh et al., 1992). A comparison of
crystal structures revealed that GPIHBP1 and colipase bind to opposite sides of the
carboxyl-terminal domains of LPL and PL, respectively (Birrane et al., 2019). Also,
colipase-PL interactions were discrete and mediated by electrostatic interactions (van
Tilbeurgh et al., 1992), whereas GPIHBP1-LPL interactions were extensive and driven
primarily by hydrophobic contacts (Birrane et al., 2019). In hindsight, the existence of
distinct binding sites for GPIHBP1 and colipase was not surprising. While the two proteins
have superficial similarities, they are evolutionarily distinct and play very different
functions, with colipase serving to activate triglyceride hydrolysis and GPIHBP1 serving to
transport LPL and anchor it to capillary endothelial cells.

LPL contains a single large basic patch

LPL contains several positively-charged heparin-binding motifs, scattered within the
primary sequence, and their functional importance has been investigated by several groups
(Hata et al., 1993; Hill et al., 1998; Ma et al., 1994; Sendak et al., 1998). Interestingly, an
electrostatic surface potential map, based on the GPIHBP1-LPL crystal structure, revealed
that the various heparin-binding motifs converge to create a single large contiguous basic
patch (covering ~2400 A2) (Birrane et al., 2019) (Figure 5A-B ). This patch extends into
both the amino- and carboxyl-terminal domains of LPL and spans the narrow hinge region
connecting the two domains. Of note, two lysines (K472 and K473) located within the last
five residues of LPL were not visualized in the electron density map (Birrane et al., 2019).
Had they been visualized, the size of LPL’s basic patch would have appeared even larger.

As noted earlier, GPIHBP1’s intrinsically disordered acidic domain increases the initial
encounter rate with LPL and stabilizes LPL’s structure. These effects are mediated by
transient interactions (Kristensen et al., 2018; Mysling et al., 2016a; Mysling et al., 2016b),
resulting in the formation of a “fuzzy complex” (Borgia et al., 2018; lvic et al., 2019). Given
the transient nature of the interactions, it was not surprising that the acidic domain could not
be visualized in the crystal structure. However, it is noteworthy that GPIHBP1 was
positioned such that its acidic domain, >60 A in length (Kristensen et al., 2018), would be
expected to project towards—and potentially interact with—the entirety of LPL’s bas ic
patch (Figure 5C-D). It seems likely that these interactions stabilize LPL structure and
activity (Birrane et al., 2019). GPIHBP1’s acidic domain could provide a “backbone”
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spanning LPL’s amino- and carboxyl-terminal domains—one that provides sufficient
flexibility for enzyme function but also the rigidity required to prevent the unfolding that
might otherwise be initiated by torsion of LPL’s hinge region (or collapse of LPL’s two
domains upon each other).

insights into LPL mutations causing chylomicronemia

Because the interface between GPIHBP1’s LU domain and the carboxyl-terminal domain of
LPL is large, Birrane and coworkers predicted that it would be possible to identify mutations
that would disrupt GPIHBP1-LPL interactions (Birrane et al., 2019). They were intrigued
by a missense mutation in LPL, M404R, identified in a Middle Eastern patient with
chylomicronemia. That mutation was reported to abolish LPL secretion from cells (Pingitore
et al., 2016), but the crystal structure revealed that M404 is located within the GPIHBP1-
LPL binding interface—implying that the mutation might actually cause disease by
interfering with LPL’s ability to bind to GPIHBP1. Indeed, GPIHBP1-LPL binding assays
reve aled that the M404R mutation abolishes LPL binding to GPIHBP1 but does not affect
LPL secretion from cells (Birrane et al., 2019).

The GPIHBP1-LPL crystal structure also yielded insi ghts into a D201V mutation in LPL,
identified in two Lebanese families with chylomicronemia (Abifadel et al., 2004). The
crystal structure revealed that D201 participates in the coordination of LPL’s sole calcium
ion. A valine cannot fulfill that function. Birrane and coworkers suspected that the inability
of LPL-D201V to coordinate calcium would interfere with LPL folding and abolish LPL
secretion from cells. Indeed, when LPL-D201V was introduced into CHO cells, the mutant
LPL was produced in normal amounts but none was secreted from cells, providing a clear
explanation for the chylomicronemia phenotype. A mutation in D202, another residue
involved in coordinating the calcium ion, also abolished LPL secretion from cells (Birrane et
al., 2019). Insights from the GPIHBP1-LPL crystal structure, along with straightf orward
biochemical assays, should make it possible to understand and classify most LAL mutations
associated with chylomicronemia.

Relevance of the head-to-tail LPL homodimer conformation in the crystal

structure

The fact that the crystal structure revealed two LPL molecules in a head-to-tail orientation
appeared, at least at first glance, to support long-held assumptions about the structure of
LPL. For decades, the functional unit of active LPL has been assumed to be a homodimer
(Berryman and Bensadoun, 1995; Garfinkel et al., 1983; Iverius and Ostlund-Lindqvist,
1976; Krapp et al., 1995; Lookene and Bengtsson-Olivecrona, 1993; Lookene et al., 1994;
Olivecrona and Bengtsson-Olivecrona, 1990; Olivecrona et al., 1985; Osborne et al., 1985;
Peterson et al., 2002; Vannier and Ailhaud, 1989; Wong et al., 1994; Zhang et al., 2005), and
homodimer assembly has been considered essential for LPL secretion from cells (Doolittle
et al., 2010; Doolittle and Peterfy, 2010). Several studies concluded that active LPL
homodimers have a head-to-tail orientation (Kobayashi et al., 2002; Wong et al., 1997), with
the Trp-rich loop in the carboxyl-terminal domain of one monomer supplying substrates to
the catalytic pocket in the amino-terminal domain of the partner monomer. However, in the
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crystal structures for the GPIHBP1-LPL complex (Birrane et al., 2019; Horton, 2019; Arora
et al., 2019), the Trp-rich loop in the carboxyl-terminal domain of one monomer interacted
with the catalytic pocket of the partner monomer, raising doubts about whether that
particular conformation would be compatible with either lipoprotein binding or the
hydrolysis of triglyceride substrates. One possibility is that the reciprocal interactions
between the two LPL monomers do not represent physiologic interactions and instead reflect
a stable conformation that LPL adopts at high protein concentrations—one in which the
catalytic pocket shields the hydrophobic Trp-rich loop from the aqueous environment. It is
important to emphasize, however, that all of the GPIHBP1-LPL crystal structures were
generated in the absence of triglyceride substrates or lipoproteins. The conformation of the
GPIHBP1-LPL complex in the presence of lipoproteins remains to be determined.

In recent studies, Beigneux and coworkers revisited accepted dogma holding that LPL is
only active as a homodimer (Beigneux et al., 2019). When they subjected freshly secreted
human LPL to density gradient ultracentrifugation, they found that the LPL mass and
activity peaks corresponded to the size of monomers (~55 kDa)—over lapping with or
slightly smaller than the 66-kDa albumin standard and with minimal overlap with a 97-kDa
phosphorylase b standard. Incubating the LPL with guanidine hydrochloride inactivated
catalytic activity but did not alter the apparent size of LPL, as judged by density gradient
ultracentrifugation. Also, the GPIHBP1-LPL complex, expected to have a size of ~75 kDa,
was slightly larger than the albumin standard by density gradient ultracentrifugation, with
minimal overlap with the phosphorylase b standard (Beigneux et al., 2019).

When LPL is loaded onto a heparin—Sepharose column and then eluted with a linear
gradient of sodium chloride, there are two distinct LPL peaks—a low-salt peak with little
catalytic activity and a high-salt peak containing large amounts of catalytic activity. For
years, the low-salt peak was presumed to contain inactive LPL monomers, whereas the high-
salt peak was assumed to contain active homodimers. However, when Beigneux and
coworkers subjected the active LPL in the high-salt peak to density gradient
ultracentrifugation, they found that it exhibited the size of a monomer (/.e., slightly smaller
than the albumin standard) (Beigneux et al., 2019). Most of the LPL in the low salt peak was
inactive and in the form of aggregates at the bottom of the density gradient tube. Beigneux
and coworkers also examined the LPL in the low-and high-salt peaks with a sandwich
ELISA in which a single LPL—specific monoclonal antibody (either 5D2 or 88B8) was used
to both capture and detect the LPL. This single-antibody sandwich ELISA format had been
touted as being specific for catalytically active LPL homodimers (Peterson et al., 2002).
However, Beigneux and coworkers found that the catalytically active LPL in the high-salt
peak exhibited little reactivity in single-antibody sandwich ELISAs, whereas the aggregate-
containing LPL species in the low-salt peak yielded a robust signal (Beigneux et al., 2019).
Importantly, the LPL in both the low- and high-salt fractions yielded robust signals in
sandwich ELISAs employing two different monoclonal antibodies (one to capture the LPL
and the other to detect the LPL). The two-antibody sandwich ELISAs are sensitive in
detecting LPL monomers as well as aggregated LPL species. The findings by Beigneux and
coworkers implied that the catalytically active LPL in the high-salt peak, long presumed to
be in the form of homodimers, is largely in the form of monomers (Beigneux et al., 2019).
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Beigneux and coworkers also tested whether CHO cells, when co-transfected with two LPL
constructs harboring different epitope tags, would secrete catalytically active “mixed
homodimers” ( 7.e., LPL species containing both epitope tags) (Beigneux et al., 2019). The
medium of the co-transfected cells contained large amounts of both differentially tagged
LPL proteins, and both LPL proteins were catalytically active. However, the amount of
mixed LPL species in the medium was very low, as judged by specific ELISAS, but still
detectable. Interestingly, the mixed species in the medium were primarily located in the
inactive low-salt peak, as judged by heparin-Sepharose chromatography, not in the
catalytically active high-salt peak (Beigneux et al., 2019). These studies provided further
support for the notion that freshly secreted, catalytically active LPL is primarily in the form
of monomers. The concept that LPL can be active as a monomer (Beigneux et al., 2019) was
endorsed by Arora and coworkers (Arora et al., 2019), based in part on their suspicion that
the head-to-tail LPL homodimers in their crystal structure were unlikely to be
physiologically active in binding lipoproteins or hydrolyzing triglycerides.

The view that LPL can be active as a monomer is not inconsistent with the existence of LPL
homodimers in specific settings. LPL homodimers can exist, as documented by the
crystallography and SAXS studies (Arora et al., 2019; Birrane et al., 2019), but the relevance
of those conformations to the physiologic function of LPL is questionable. It is important to
emphasize that the LPL homodimers in the crystallization and SAXS studies were observed
when the protein concentrations were high, whereas the density gradient and
immunochemical studies supporting the existence of active LPL monomers were performed
at far lower concentrations of LPL (Beigneux et al., 2019). It is possible that LPL
homodimers that appear at high protein concentrations dissociate into active monomers at
lower protein concentrations. However, at this point, the existence of stable and catalytically
active LPL homodimers seems to be questionable. Moreover, dogma that has accompanied
the notion that LPL is active only when it is in the form of homodimers may need additional
scrutiny. For example, the notion that ANGPTL4 functions by converting active LPL
homodimers into inactive LPL monomers (Sukonina et al., 2006) may need to be revisited.
Also, the concept that lipase maturation factor 1 (LMF-1) (an integral membrane protein of
the ER) functions to convert newly synthesized LPL monomers into catalytically active and
secretion-competent LPL homodimers (Doolittle et al., 2010; Doolittle and Peterfy, 2010)
may also require additional investigation.

Concluding remarks

Studies over the past decade have established that GPIHBP1 is LPL’s partner—required for
transporting LPL into capillaries, lipoprotein margination, and for preserving LPL structure
and activity. Impaired GPIHBP1-LPL interactions, whether from genetic defects or
autoantibodies, cause chylomicronemia. Biophysical studies have demonstrated that
GPIHBP1’s acidic domain stabilizes LPL structure and activity, likely by creating a fuzzy
complex with LPL’s large basic patch. For years, the properties of LPL have been analyzed
with purified preparations of LPL, but future research will need to focus on the properties of
the GPIHBP1-LPL complex. We need a better understanding of lipoprotein interactions
with the GPIHBP1-LPL complex and how regulators of lipolysis (e.g., apo-Cll, apo-AV)
influence the activity of the GPIHBP1-LPL complex. We also need a clear understanding of
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how the “ANGPTL proteins” initiate unfolding of LPL and a more precise understanding of
the interactions between GPIHBP1’s acidic domain and LPL’s basic patch. Finally,
commonly occurring LPL polymorphisms are known to influence plasma triglyceride levels
(Almeida et al., 2007; Jensen et al., 2009; Rip et al., 2006); the impact of those
polymorphisms needs to be investigated in the context of the GRIHBP1-LPL complex.
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Young et al. review mechanisms for intravascular triglyceride metabolism, focusing on
the role of GPIHBPL1 in capturing lipoprotein lipase (LPL) within the subendothelial
spaces, transporting LPL across endothelial cells to its site of action in the capillary
lumen, stabilizing the structural integrity of LPL, and mediating lipoprotein margination
along capillaries.
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Figure 1. A cartoon representation of GPIHBP1’s functions in lipoprotein lipase (LPL)-mediated
lipoprotein processing.

GPIHBPL1 serves four important functions in plasma triglyceride processing. The first two
are illustrated in the /eft panel. First, GPIHBP1 on the abluminal plasma membrane of
capillary endothelial cells captures LPL (yellow) from heparin-sulfate proteoglycan (HSPG)
binding sites (green tree-like structures) within the subendothelial spaces (Davies et al.,
2010; Kristensen et al., 2018). GPIHBP1’s intrinsically disordered acidic domain (green),
which projects from GPIHBP1’s three-fingered LU domain (b/ue), is important for capturing
LPL and bringing it into high-affinity interactions with GPIHBP1’s LU domain (Kristensen
et al., 2018). Second, GPIHBP1 stabilizes the structure of LPL and protects it from
unfolding, even in the face of physiologic inhibitor proteins such as ANGPTLA4 (Kristensen
et al., 2018; Mysling et al., 2016a; Mysling et al., 2016b). The preservation of LPL structure
is illustrated by changing the color of LPL from yellowto purple. The middle panel depicts
the third function of GPIHBPL1 in LPL biology, which is to transport LPL to its site of action
in the capillary lumen (Davies et al., 2010). The movement of GPIHBP1 across endothelial
cells is bidirectional (Davies et al., 2012); thus, GPIHBP1 is able to return to the abluminal
surface of endothelial cells, pick up more LPL, and then replenish LPL stores along the
capillary lumen. The right panel depicts the fourth function of GPIHBP1, which is to
mediate the margination of triglyceride-rich lipoproteins (TRLs) along the luminal surface
of capillaries. GPIHBP1-bound LPL is required for TRL margination (Goulbourne et al.,
2014), allowing triglyceride hydrolysis to proceed.
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Figure 2. Localization of GPIHBP1 and lipoprotein lipase (LPL) in brown adipose tissue (BAT).
(A) Mislocalization of LPL in the BAT of Gpihbp1~~ mice. Sections of BAT from a

GpihbpI*'* and Gpihbpl'~ mouse were stained with antibodies against CD31 (green),
GPIHBP1 (magenta), and LPL (read), and imaged by confocal fluorescence microscopy.
DNA was stained with DAPI (b/ue). Scale bar, 50 pm. (B) GPIHBP1 is expressed in
endothelial cells of capillaries, but not in endothelial cells of larger blood vessels. Sections
of BAT were stained with antibodies against CD31 (green) and GPIHBPL1 (red). GPIHBP1
expression in endothelial cells decreases as capillaries merge into a venule (arrow). Scale
bar, 50 um.
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Figure 3. NanoSIMS imaging to examine intravascular lipolysis.
(A) 2H/H ratio image of a capillary in a mouse heart 2 min after an intravenous injection of

2H-TRLs (triglyceride-rich lipoproteins enriched in 2H-triglycerides). The 2H/*H image
shows 2H-TRLs that have marginated along the luminal surface of capillary endothelial cells
and entry of 2H-enriched lipids into endothelial cells as well as the mitochondria and lipid
droplets of cardiomyocytes. The 2H/H ratio is multiplied by 10,000; the range spans from
slightly higher than 2H natural abundance to approximately six times natural abundance.
Scale bar, 1 um. (B) Composite 22C14N~ and 325~ /12C14N~ images of mouse heart
capillaries. The signal from 12C14N~ secondary ions (b/ue), reflecting 14N distribution, was
robust in both capillary endothelial cells (EC) and cardiomyocytes. The 325~ /12C14N~ ratio
(green) was set from 0.05 to 0.06. Pixels with a 325~ /12C14N- ratio above 0.05 are shown,
revealing features rich in 32S, relative to 14N, on the surface of endothelial cells and
cardiomyocytes. Scale bar, 1 um.
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Figure 4. Inherent instability of LPL, as judged by hydrogen—deuterium exchange-mass

spectrometry (HDX-MS) studies.
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Bovine LPL was incubated at 25°C in deuterium oxide . Panel A shows the emergence of a
bimodal isotope envelope of deuterium uptake in a peptic peptide covering the catalytic triad
of LPL [from (Mysling et al., 2016a)]. Bimodality of the isotope envelope is a hallmark of
protein unfolding (Mysling et al., 2016a; Mysling et al., 2016b). Substantial portions of the
amino-terminal catalytic domain of LPL (NTD) exhibited the bimodal isotope envelope,
while peptides from the carboxyl-terminal lipid-binding domain (CTD) exhibit a unimodal
exchange pattern, reflecting greater stability. Panel B illustrates the position of the catalytic
triad peptic peptide (green) in the crystal structure of human LPL [modified from the crystal
structure by Birrane and coworkers (Birrane et al., 2019)]. The structure of human LPL is
shown as a cartoon representation, with a-helices in redand p-strands in cyan. The location

1duosnue Joyiny

of the three catalytic triad residues (S159, D183, H268) are noted. The structure was
visualized with PyMol (Schrédinger) u sing PDB coordinates 6E7K.
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Figure 5. Three-dimensional structure of the human LPL-GPIHBP1 complex.
Panels A, B and D show the crystal structure of LPL as a surface representation colored by

its electrostatic potential [acidic (red), neutral (white), basic (blue)] and human GPIHBPL in
a cartoon representation with p-strands colored green [modified from the crystal structure by
Birrane and coworkers (Birrane et al., 2019)]. For clarity, only one of the two GPIHBP1-
LPL complexes in the crystal structure is shown. The amino- and carboxyl-terminal regions
of GPIHBP1 are marked by N and C, respectively. The positions of the amino- and
carboxyl-terminal domains of LPL are marked with NTD and CTD, respectively. Panel C
shows the model of GPIHBPL1 in solution, as defined by SAXS analyses, illustrating the
large space occupied by GPIHBP1’s intrinsically disordered acidic domain [modified from
(Kristensen et al., 2018)]. Different ensembles from the modeling of the disordered acidic
domain are illustrated by colored spheres, while the folded LU domain is represented by a
cartoon representation. The acidic domain of GPIHBP1 is absent in panels A and B, as it
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was not defined by electron densities. The semi-transparent red“cloud” in Panel D
illustrates the region of LPL that is potentially engaged by GPIHBP1’s intrinsically
disordered acidic domain in a “fuzzy complex.”
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