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GPIHBP1, a protein of capillary endothelial cells (ECs), is a crucial partner for lipopro-
tein lipase (LPL) in the lipolytic processing of triglyceride-rich lipoproteins. GPIHBP1,
which contains a three-fingered cysteine-rich LU (Ly6/uPAR) domain and an intrinsically
disordered acidic domain (AD), captures LPL from within the interstitial spaces (where it
is secreted by parenchymal cells) and shuttles it across ECs to the capillary lumen. With-
out GPIHBP1, LPL remains stranded within the interstitial spaces, causing severe hyper-
triglyceridemia (chylomicronemia). Biophysical studies revealed that GPIHBP1 stabilizes
LPL structure and preserves LPL activity. That discovery was the key to crystallizing the
GPIHBP1–LPL complex. The crystal structure revealed that GPIHBP1’s LU domain
binds, largely by hydrophobic contacts, to LPL’s C-terminal lipid-binding domain and
that the AD is positioned to project across and interact, by electrostatic forces, with a large
basic patch spanning LPL’s lipid-binding and catalytic domains. We uncovered three
functions for GPIHBP1’s AD. First, it accelerates the kinetics of LPL binding. Second, it
preserves LPL activity by inhibiting unfolding of LPL’s catalytic domain. Third, by
sheathing LPL’s basic patch, the AD makes it possible for LPL to move across ECs to the
capillary lumen. Without the AD, GPIHBP1-bound LPL is trapped by persistent interac-
tions between LPL and negatively charged heparan sulfate proteoglycans (HSPGs) on
the abluminal surface of ECs. The AD interrupts the HSPG interactions, freeing
LPL–GPIHBP1 complexes to move across ECs to the capillary lumen. GPIHBP1 is med-
ically important; GPIHBP1 mutations cause lifelong chylomicronemia, and GPIHBP1
autoantibodies cause some acquired cases of chylomicronemia.
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In this article, we review the roles of GPIHBP1 (glycosylphosphatidylinositol-anchored
high-density lipoprotein (HDL)-binding protein 1) in plasma triglyceride (TG) meta-
bolism. GPIHBP1, an endothelial cell (EC) protein, is a crucial partner for lipoprotein
lipase (LPL) in the lipolytic processing of TG-rich lipoproteins (TRLs).
In 1955, Korn (1, 2) characterized LPL as an intravascular TG hydrolase that could

be released into the plasma with a bolus of heparin. Five years later, Havel and Gor-
don (3) discovered that LPL deficiency impairs the processing of TRLs, resulting in
severe hypertriglyceridemia (chylomicronemia). In affected subjects, the levels of TG
hydrolase activity in the postheparin plasma were very low (3). In subsequent years,
the biochemical properties of LPL, including its activation by apolipoprotein (apo)
CII, were investigated in detail (4–8), but the mechanism for LPL binding to blood
vessels received less attention. Nevertheless, the fact that LPL was released into the
plasma by heparin suggested that LPL was attached to blood vessels by electrostatic
interactions. That view was bolstered in the 1980s by the discovery that LPL, which is
a positively charged protein, binds to negatively charged heparan sulfate proteoglycans
(HSPGs) on the surface of cultured cells (9, 10), and by sequencing of the LPL comple-
mentary DNA (cDNA) (11, 12), which revealed that LPL contains several positively
charged heparin-binding motifs (13–15). For the next three decades, models of plasma
TG metabolism depicted LPL attached to HSPGs on the luminal surface of blood vessels
(16). That model was widely accepted but incomplete. For example, it was unclear how
LPL, which is produced by parenchymal cells (e.g., myocytes, adipocytes), reaches its site
of action within blood vessels, nor did the model explain why lipoproteins would margin-
ate along the luminal surface of blood vessels (thereby allowing LPL-mediated TG hydroly-
sis to proceed).
The discovery of GPIHBP1 transformed the prevailing model for plasma TG metabo-

lism. GPIHBP1 is expressed by capillary ECs, binds LPL avidly, and is solely responsible
for transporting LPL to the lumen of capillaries (17, 18). Also, the margination of TRLs
along ECs depends on GPIHBP1-mediated transport of LPL into capillaries (19). In
addition, GPIHBP1 stabilizes LPL activity—even in the face of regulatory proteins that
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function to inhibit LPL (20–23). The discovery of GPIHBP1
also increased our understanding of human disease. A deficiency
of GPIHBP1 causes lifelong chylomicronemia (24–26), and
some newly acquired cases of chylomicronemia are caused by
GPIHBP1 autoantibodies (27, 28). The new insights into TG
metabolism resulted from serendipity and new experimental
approaches. Serendipity came with the discovery of chylomicro-
nemia in Gpihbp1 knockout mice (Gpihbp1�/�) (18, 29) and by
the discovery, while characterizing a GPIHBP1 immunoassay, of
GPIHBP1 autoantibodies in patients with chylomicronemia
(27). New experimental approaches included confocal micros-
copy (to localize GPIHBP1 and LPL in blood vessels) (17, 18,
30–32), hydrogen–deuterium exchange/mass spectrometry (MS)
(to understand GPIHBP1–LPL interactions and LPL conforma-
tional stability) (20–23, 33), surface plasmon resonance (SPR)
studies (to quantify GPIHBP1–LPL binding kinetics) (20, 21,
23, 33), X-ray crystallography (to define the structural basis for
GPIHBP1–LPL interactions) (34, 35), and nanosecondary ion
MS (NanoSIMS) imaging (to visualize intravascular TG metab-
olism) (36, 37). Progress was fueled by strong collaborations and
a commitment to understanding disease.

Cloning of the GPIHBP1 cDNA and an Early
Proposal Regarding GPIHBP1 Function

GPIHBP1 was first identified, by expression cloning, as a GPI-
anchored protein that conferred upon LDL receptor–deficient
Chinese hamster ovary (CHO) cells the ability to bind HDL
(38). The expression cloning strategy also uncovered scavenger
receptor, class B, type 1 (SRB1), a known HDL-binding protein
(39). Incubating GPIHBP1-expressing CHO cells with
phosphatidylinositol-specific phospholipase C (PIPLC), a bacterial
enzyme that cleaves GPI anchors, reduced HDL binding (38).
GPIHBP1 was noted to have an N-terminal acidic region rich in
aspartates and glutamates, a three-fingered cysteine-rich LU (Ly6/
uPAR) domain (40) resembling those in other “LU domain” pro-
teins (e.g., CD59, uPAR), and a C-terminal hydrophobic region
characteristic of GPI-anchored proteins. GPIHBP1 was reported,
based on in situ hybridization studies, to be expressed widely,
with high levels of expression in Kupffer cells, sinusoidal ECs of
the liver, cardiomyocytes, bronchiolar epithelium, and pulmonary
macrophages. Based on these observations, GPIHBP1 was pro-
posed to function in the uptake of cholesterol by cells (38).
Our experimental findings differed from those in the expres-

sion cloning paper (38). We found that GPIHBP1 is expressed
exclusively in capillary ECs (17, 18), and we did not detect
binding of HDL to GPIHBP1-transfected cultured cells (41).

Uncovering a Role for GPIHBP1 in Plasma
TG Metabolism

Phenotyping of knockout mice for 472 genes encoding secreted
or membrane proteins uncovered very high plasma TG levels in
Gpihbp1�/� mice (29). In our mouse colony, plasma TG levels
in chow-fed Gpihbp1�/� mice are 2,500 mg/dL to 3,500 mg/dL,
about 100-fold higher than in wild-type (WT) mice (Gpihbp1+/+).
On a high-fat, low-cholesterol diet,Gpihbp1�/� mice have TG lev-
els as high as 20,000 mg/dL (42). Plasma TG levels in Gpihbp1+/�

mice are normal.
For us, the high TG levels in Gpihbp1�/� mice could mean

only one thing—that GPIHBP1 is important for LPL-mediated
TRL processing. We quickly made three observations that were
consistent with that view. First, the high plasma TG levels in
Gpihbp1�/� mice are accompanied by markedly reduced LPL levels

in the postheparin plasma (18). Second, GPIHBP1 is expressed at
particularly high levels in tissues where TRL processing is robust
(e.g., heart, adipose tissue). Third, GPIHBP1-expressing CHO cells
bind LPL avidly, and the LPL binding is inhibited by heparin (18).
We also observed binding of TRLs to GPIHBP1-transfected
CHO cells (18). CHO cells are known to produce hamster LPL
(43). The mechanism for TRL binding to GPIHBP1-expressing
cells was initially perplexing (18), but we are now confident that
the TRL binding is mediated by GPIHBP1-bound LPL. LPL and
TRL binding to GPIHBP1-expressing cells is abolished by incubat-
ing the cells with PIPLC (18).

GPIHBP1 and LPL are confined to capillary ECs, as judged
by confocal immunofluorescence microscopy (17, 32). Indeed,
as soon as capillaries double in size to become small venules,
both GPIHBP1 expression and LPL binding disappear. This
finding makes sense, given that the purpose of intravascular TRL
processing is to deliver lipid nutrients to adjacent parenchymal
cells. GPIHBP1 is not expressed in capillaries of the brain, which
primarily uses glucose (rather than TGs) for fuel (17).

The fact that GPIHBP1 is expressed by capillary ECs and the
observation that LPL binds to GPIHBP1 prompted us to propose
that GPIHBP1 functions as a “platform for lipolysis” in capillaries
(18). Soon thereafter, we discovered that GPIHBP1 is responsible
for capturing LPL within the subendothelial spaces and transporting
it across ECs to the capillary lumen (17). The crucial clues came
from microscopy. In low-magnification images, most of the LPL in
tissues of Gpihbp1+/+ mice was located on capillary ECs (colocaliz-
ing with GPIHBP1), whereas the LPL in tissues of Gpihbp1�/�

mice was stranded within the interstitial spaces (bound to HSPGs
on the surface of cells) (Fig. 1). With high-magnification images of
capillary cross-sections, we were able to assess the distribution of
LPL on the inner (luminal) and outer (abluminal) surfaces of ECs
(17). In Gpihbp1+/+ mice, LPL and GPIHBP1 were abundant on
the luminal surface of capillary ECs (Fig. 2). In Gpihbp1�/� mice,
LPL was absent from the capillary lumen (Fig. 2). These findings
left little doubt that GPIHBP1 functions as an LPL transporter.

The notion that GPIHBP1 functions as a transporter was
bolstered by experiments showing that GPIHBP1 moves LPL
from the basal to the apical surface of cultured ECs and by stud-
ies showing that GPIHBP1 transports LPL across capillary ECs
in living mice (17). When the GPIHBP1-specific monoclonal
antibody (mAb) 11A12 was injected into a quadricep muscle

Fig. 1. Confocal immunofluorescence studies of LPL localization in BAT of
Gpihbp1+/+ and Gpihbp1�/� mice. In Gpihbp1+/+ mice (+/+), most of the LPL
is located on capillary ECs, bound to GPIHBP1 and colocalizing with CD31
(an EC marker). In Gpihbp1�/� mice (�/�), LPL is mislocalized within the
interstitial spaces, bound to HSPGs on the surface of cells (adipocytes and
ECs). The LPL in Gpihbp1�/� mice colocalizes with antibodies against colla-
gen IV, a basal lamina protein of adipocytes (17). (Scale bar, 10 μm.)
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bed of a Gpihbp1+/+ mouse, the antibody was rapidly captured
by GPIHBP1 on the abluminal surface of capillary ECs. After
30 min, however, mAb 11A12 had been transported to the cap-
illary lumen (17). In Gpihbp1�/� mice, there was no movement
of mAb 11A12 into capillaries (17). We confirmed these obser-
vations in brown adipose tissue (BAT): mAb 11A12 was trans-
ported across capillary ECs in Gpihbp1+/+ mice but not in
Gpihbp1�/� mice (31). GPIHBP1 movement across ECs is bidi-
rectional (31). When Gpihbp1+/+ mice were given an intravenous
injection of mAb 11A12, the antibody was rapidly captured by
GPIHBP1 in the capillary lumen, but, within 120 min, it was
transported to the abluminal surface of ECs. In cell culture stud-
ies, GPIHBP1-mediated LPL transport was blocked by dynasore,
suggesting that GPIHBP1 moves across ECs by a vesicular mech-
anism (31). Also, GPIHBP1 was detected, by immunogold elec-
tron microscopy (EM), within vesicular structures of ECs (31).
GPIHBP1-mediated LPL movement to the capillary lumen

is crucial in heart, skeletal muscle, and adipose tissue, but the
transport function of GPIHBP1 is almost certainly less impor-
tant in the liver, where ECs are fenestrated. Plasma TG levels
are only modestly elevated (∼120 mg/dL) in Gpihbp1�/� mice
during the suckling phase (when hepatic LPL expression is high),
whereas Lpl�/� mice die soon after birth with severe chylomicro-
nemia (44). We suspect that the milder phenotype of suckling
Gpihbp1�/�mice relates to the ability of hepatic LPL in those
mice to carry out TRL processing.
In the heart and BAT of Gpihbp1�/� mice, where intravas-

cular LPL is absent, TRL margination along capillary ECs is
negligible (19). In contrast, TRL margination is robust along
heart and BAT capillaries in Gpihbp1+/+ mice. Interestingly,
TRL margination was virtually undetectable along capillary
ECs of the lung in Gpihbp1+/+ mice, a tissue with high levels
of GPIHBP1 expression but extremely low levels of LPL. How-
ever, after an intravenous injection of purified LPL, LPL bound
to GPIHBP1 on lung capillary ECs, and there was robust mar-
gination of TRLs. Thus, TRL margination along the luminal
surface of capillaries requires LPL (19). Cell culture studies sug-
gested that TRLs bind to a Trp-rich loop in the C-terminal
domain(CTD) of LPL (residues 410 to 423) (19).

Early Insights into GPIHBP1–LPL Interactions

To define GPIHBP1 sequences required for LPL binding, we
expressed mutant versions of GPIHBP1 in CHO cells and

tested the capacity of transfected cells to bind LPL (45). These
studies revealed that GPIHBP1’s LU domain is essential for
LPL binding. Replacing GPIHBP1’s LU domain with CD59’s
LU domain eliminated LPL binding (45), as did mutation of
any of the 10 conserved cysteines in GPIHBP1’s LU domain
(46). Alanine-scanning mutagenesis uncovered 12 other residues
important for LPL binding, with the majority located in the sec-
ond finger of the LU domain (residues 89 to 110) (47). Most of
the mutations disrupted proper disulfide bond formation and
led to the formation of disulfide-linked GPIHBP1 dimers and
multimers (26, 46–48). However, mutating W109 abolished
LPL binding without affecting disulfide bond formation, sug-
gesting that it played a more direct role in LPL binding (48).

We identified several mAbs against human GPIHBP1 (e.g.,
RG3, RE3) that blocked the ability of GPIHBP1 to bind LPL
(49). The epitopes for those mAbs were in the LU domain. A
GPIHBP1-specific mAb (RF4) with an epitope upstream from
the LU domain did not block LPL binding (33, 49).

The importance of the LU domain was nailed down by study-
ing Gpihbp1 knock-in mice harboring a single amino acid substi-
tution in the LU domain (p.C63Y) (50). The mutant GPIHBP1
was expressed in capillary ECs and was present along the luminal
surface of capillary ECs, but it lacked the ability to bind LPL.
Consequently, there was no LPL inside capillaries of the mutant
mice, and they exhibited severe chylomicronemia (50).

To define LPL sequences required for GPIHBP1 binding,
we examined the ability of hepatic lipase (HL)–LPL chimeric
proteins to bind to GPIHBP1. HL (an LPL paralogue) had no
ability to bind to GPIHBP1 (41), nor did an HL–LPL chimera
containing the N terminus of LPL (residues 1 to 339) and the
C terminus of HL (residues 351 to 499). In contrast, a chimera
containing the N terminus of HL (residues 1 to 350) and the
CTD of LPL (residues 340 to 475) bound to GPIHBP1 (51).
Mutating C445 in LPL to Ser (C445 is disulfide-linked to
C465) eliminated GPIHBP1 binding (49). Also, GPIHBP1
binding was markedly reduced by a E448K LPL mutation (52).
While LPL’s C terminus is required for GPIHBP1 binding, we
showed (with SPR studies) that a C-terminal fragment of
bovine LPL (residues 343 to 478) binds to GPIHBP1 with a
lower affinity than full-length LPL (20).

The conclusion that LPL binding to GPIHBP1 depends on
its CTD was supported by studies with the LPL-specific mAb
88B8 (51). The 88B8 binds to LPL residues 357 to 465 (51)
and blocks LPL binding to GPIHBP1. Also, the LPL residues
that were found to be important for GPIHBP1 binding (e.g.,
C445, E448) are also important for 88B8 binding (51).

In early studies, we observed APOA5 binding to GPIHBP1-
expressing CHO cells (41, 53). APOA5 binding appeared to be
mediated by electrostatic interactions with GPIHBP1’s acidic
domain. While APOA5 binding to GPIHBP1-expressing cells
was reproducible, we caution that these studies were limited in
scope and were subject to caveats. For example, the conforma-
tion and biological activity of the APOA5 were not well docu-
mented, and the specificity and affinity of APOA5 binding to
GPIHBP1 were not investigated with purified proteins and cell-
free binding assays.

Stoichiometry of GPIHBP1 Binding to LPL

LPL was proposed to be a homodimer in the mid-1970s (8), and
that view gained widespread acceptance. LPL was thought to
assume a head-to-tail homodimer conformation, with the lipid-
binding sequences in the C terminus of one monomer in close
proximity to the catalytic pocket in the N terminus of the partner

Fig. 2. Immunofluorescence confocal microscopy images of capillary
cross-sections in BAT of Gpihbp1+/+ and Gpihbp1�/� mice. Sections were
stained with antibodies against GPIHBP1, LPL, and CD31. An EC nucleus (n)
made it possible to examine distributions of GPIHBP1, CD31, and LPL along
the abluminal surface of ECs (blue arrowhead) and the luminal plasma
membrane (pink arrowhead). In Gpihbp1�/� mice, LPL was not transported
to the capillary lumen. Different z slices of the capillary cross-sections were
shown in a recent paper by Song et al. (30). (Scale bar, 2 μm.)
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monomer (54–56). Homodimer formation was thought to be cru-
cial for LPL secretion (54, 57) and catalytic activity (15, 54, 55,
57–60). With the LPL homodimer model in mind, we predicted
that two GPIHBP1 molecules would bind to LPL; however, we
consistently failed to find support for this prediction. We incu-
bated two GPIHBP1 preparations (each containing a different epi-
tope tag) with LPL and then immunoprecipitated GPIHBP1–LPL
complexes with an antibody against only one of the epitope tags.
When we analyzed immunoprecipitates, we detected LPL but only
one of the two GPIHBP1 proteins—we never observed both
GPIHBP1 proteins. These observations led us to be skeptical of
the LPL homodimer model. We went on to show, using density
gradient ultracentrifugation and immunochemical studies, that
freshly secreted and catalytically active LPL is monomeric. A recent
study strongly supported this view (22). Native gel studies revealed
similar electrophoretic migrations for GPIHBP1–LPL complexes
and GPIHBP1 complexed to a Fab fragment of GPIHBP1-specific
mAbs (RF3 or RF4); LPL and Fab fragments have comparable
molecular weights. Also, GPIHBP1–LPL–Fab5D2 complexes and
FabRF3–GPIHBP1–FabRF4 complexes had comparable electro-
phoretic migrations. Finally, the stoichiometry of GPIHBP1–LPL–
Fab5D2 complexes was 1:1:1, as judged by mass determinations
with SEC-MALS and SEC-SAXS (size-exclusion chromatography
combined with either light or small-angle X-ray scattering) (22).

Digging Deeper into GPIHBP1–LPL Interactions

To improve our understanding of GPIHBP1–LPL interactions,
we used hydrogen–deuterium MS (HDX-MS) studies (61).
Human GPIHBP1 (purified from the medium of Drosophila S2
cells) and purified bovine LPL were incubated in the presence of
D2O. The binding of GPIHBP1 to LPL reduced deuterium
exchange in GPIHBP1 residues 104 to 135 and LPL residues 429
to 446, suggesting that those sequences participate in the binding
interface. Deuterium uptake was also reduced in LPL residues 306
to 320 (located in LPL’s hinge region and containing one of
LPL’s heparin-binding motifs). A synthetic peptide corresponding
to the acidic domain of human GPIHBP1 (residues 21 to 53) also
reduced deuterium uptake in LPL residues 306 to 320, implying
that the acidic domain binds, by electrostatic forces, to positively
charged residues in LPL’s hinge region. Zero-length cross-linking
studies with carbodiimide supported this conclusion (20).
Deuterium exchange in the acidic domain of full-length

GPIHBP1 was extremely rapid, consistent with predictions that
it is intrinsically disordered (20). The disordered nature of the
acidic domain was corroborated by SEC-SAXS studies (33). Of
note, the acidic domain had little or no effect on deuterium
uptake in GPIHBP1’s LU domain, implying that it is not
important for the conformation of the LU domain.

GPIHBP1 Stabilizes LPL Structure and Activity

Purified preparations of LPL, when incubated at 25 °C, lose
enzymatic activity within minutes (62). To understand why LPL
activity disappears so quickly, we used HDX-MS studies to
monitor the conformational stability of LPL. At 25 °C, we
observed a time-dependent increase in deuterium uptake in
LPL’s N-terminal hydrolase domain with EX1 exchange kinetics
(consistent with unfolding of secondary structure elements) but
little or no unfolding in LPL’s C-terminal lipid-binding domain
(20, 23, 33). Unfolding of the hydrolase domain was accompa-
nied by loss of LPL catalytic activity. Both LPL unfolding and
the loss of catalytic activity were markedly reduced by GPIHBP1
binding (20, 33).

The spontaneous unfolding of purified preparations of LPL
is not just a biochemical curiosity. A physiologic regulator of
LPL, ANGPTL4, inhibits LPL activity in vivo by catalyzing the
same LPL unfolding pathway (21, 23, 63). Even when the
molar concentration of ANGPTL4 (relative to LPL) is low,
ANGPTL4 fully inactivates LPL. When 10 μM LPL was incu-
bated with 2 μM ANGPTL4 for 10 min, we observed, by
HDX-MS, extensive unfolding of LPL’s hydrolase domain
(accompanied by a 90% decrease in LPL activity) (21, 63). We
found that ANGPTL4 reduces the conformational stability of
LPL at a range of temperatures (Fig. 3). GPIHBP1 binding sta-
bilizes the conformational stability of LPL, in both the presence
and absence of ANGPTL4 (Fig. 3).

Recent HDX-MS studies yielded insights into mechanisms
by which ANGPTL4 inhibits LPL (21, 23, 33, 63). ANGPTL4
binds initially to three segments of LPL’s hydrolase domain
(residues 79 to 90, 112 to 130, 248 to 254), thereby protecting
those sequences from deuterium uptake (23). However, this
initial ANGPTL4 interaction triggers an allosteric increase in
EX2-mediated deuterium uptake (i.e., increased dynamics) in
sequences surrounding LPL’s catalytic pocket (residues 208 to
223 and 267 to 277) (Fig. 4). In the case of unbound LPL, the
increased dynamics progress to irreversible unfolding of second-
ary structure elements forming LPL’s catalytic pocket (evident
by EX1-mediated deuterium uptake kinetics). At 37 °C, the
binding of GPIHBP1 to LPL markedly reduced but did not
eliminate ANGPTL4-mediated LPL unfolding (23).

The capacity of GPIHBP1 to preserve the conformation of
LPL’s hydrolase domain (Fig. 3) was supported by differential
scanning fluorimetry (nano-DSF) measurements of LPL’s thermal
stability (23). GPIHBP1 binding greatly augments the thermal
stability of LPL’s hydrolase domain. The melting temperature
(Tm) of the hydrolase domain is 34.8 °C with free (unbound)
LPL but was 57.6 °C when the LPL was bound to GPIHBP1
(23). ANGPTL4 had opposite effects. In the presence of
ANGPTL4, the melting temperature of the hydrolase domain in
free LPL was reduced from 34.8 °C to ≤15 °C, and the melting
temperature of GPIHBP1-bound LPL was reduced from 57.6 °C
to 37.8 °C (23). The melting temperature of LPL’s CTD was
64.7 °C and was largely unaffected by ANGPTL4 or GPIHBP1
(23). The biophysics of the interactions between LPL, GPIHBP1,
and its inhibitors (ANGPTL-3, ANGPTL-4, and ANGPTL-8)
are discussed extensively in a recent review (64).

An Atomic Structure for the GPIHBP1–LPL
Complex

The structure of pancreatic lipase (an LPL paralogue) was solved
by X-ray crystallography more than 30 y ago (65, 66), but
efforts to crystallize LPL were unsuccessful, likely because of
LPL’s propensity to unfold and aggregate (34). Given GPIHBP1’s
ability to mitigate LPL unfolding (20), we reasoned that it might
be possible to crystallize LPL complexed to GPIHBP1 (34).
Indeed, GPIHBP1–LPL complexes (purified by SEC) yielded
crystals that diffracted at high resolution (2.8 Å) (34), and the
structure of the GPIHBP1–LPL complex was solved by molecular
replacement (34).

In the LPL–GPIHBP1 crystal structure, LPL was arranged in
a head-to-tail homodimer conformation, resembling (at least
superficially) old models for LPL homodimer structure (15, 54).
At first glance, the LPL homodimers were disappointing, because
we had evidence that LPL was catalytically active as a monomer
(67). However, upon closer inspection, it was clear that the
homodimers in the crystal structure were inconsistent with LPL
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catalytic activity. The Trp-rich lipid-binding loop in the C termi-
nus of one monomer (crucial for TRL–LPL interactions)
occluded the catalytic pocket of the partner monomer (obviating
any possibility of TG hydrolysis) (34). The lid covering the cata-
lytic pocket was in an open conformation (34). The formation
of homodimers during protein crystallization presumably allowed
hydrophobic sequences in LPL (i.e., the Trp-rich loop, the
substrate-binding cavity) to be shielded from the aqueous envi-
ronment. Unfortunately, the homodimer conformation limited
our ability to define structures for portions of LPL’s lid region
and Trp-rich loop. Subsequent crystal structures for the
GPIHBP1–LPL complex also revealed a head-to-tail LPL confor-
mation, and the authors of that study emphasized that LPL
homodimers were not physiologic (68), referring to studies show-
ing that catalytically active LPL is monomeric (67). In one of the
crystal structures, LPL was crystallized with a small-molecule
inhibitor in the catalytic pocket, which allowed for improved
definition of the Trp-rich loop and lid domain (68). A cryo-EM
structure of bovine LPL (3.8-Å resolution) also revealed a head-
to-tail LPL homodimer conformation (69). The authors showed
that catalytically inactive LPL homodimers at high concentration
and low temperature self-associate and form helical fibrils, and
they hypothesized that assembly of LPL fibrils in intracellular
vesicles could be a physiologic mechanism for LPL storage (69).
We proposed that high concentrations of purified LPL drive

homodimer formation (67). To create crystals for X-ray diffrac-
tion, GPIHBP1–LPL complexes were incubated at very high
concentrations (∼10 mg/mL). In SAXS studies (where homo-
dimers were also present), the concentration of GPIHBP1–LPL
complexes was ∼0.7 mg/mL. In the medium of LPL-
transfected CHO cells (where LPL is monomeric), the LPL
concentration was very low (<1.0 μg/mL) (67).

The GPIHBP1–LPL crystal structure defined the molecular
interface between LPL and GPIHBP1 (34). The concave sur-
face of the LU domain covered one surface of LPL’s CTD; the
binding interface (∼940 Å2) involved all three fingers of the
LU domain and was mediated largely by hydrophobic contacts
(34). Our prediction that GPIHBP1 residue W109 could play
a direct role in the binding interface (48) was borne out by the
crystal structure. The indole side chain of W109 lies flat within
the interface and interacts with multiple residues in LPL’s C
terminus (34). Our prediction, based on HDX-MS studies,
that LPL residues 432 to 449 participate in the binding inter-
face was also borne out by the crystal structure.

LPL contains multiple heparin-binding motifs (13–15). An
electrostatic surface potential map of LPL, created from the
crystal structure, revealed that LPL’s heparin-binding motifs
converge to form a single large, flat, contiguous basic patch
(∼2,400 Å2) (34) (Fig. 5). The basic patch extends across
LPL’s hinge region and involves both C- and N-terminal
domains (34). GPIHBP1’s disordered acidic domain (>60 Å in
length) was not defined in the electron density map but was
oriented to project across and interact with the entirety of
LPL’s basic patch (34). Consistent with that view, we found,
by HDX-MS studies, that GPIHBP1’s acidic domain protects
LPL residues 279 to 293 from deuterium uptake (20). We also
showed that the interactions between GPIHBP1’s acidic
domain and LPL’s basic patch preserve LPL conformation and
protect LPL from unfolding (34, 70).

The GPIHBP1–LPL crystal structure made it possible for us
to understand LPL mutations that cause chylomicronemia. For
example, a p.M404R LPL mutation, identified in a Middle
Eastern patient, had been reported to cause chylomicronemia
by abolishing LPL secretion (71), but the crystal structure

Fig. 3. HDX-MS studies revealing temperature-dependent unfolding of the α/β-hydrolase (catalytic) domain of bovine LPL, either alone or in the presence
of GPIHBP1 and/or ANGPTL4. Shown here are isotope envelopes of a peptic peptide from the hydrolase domain (residues 131 to 165 in the mature protein
sequence of bovine LPL) containing LPL’s active-site serine after pulse labeling in deuterated solvent. LPL was preincubated in protiated solvent for 3 min at
the indicated temperatures prior to pulse labeling for 10 s in the deuterated solvent at 25 °C. Emergence of bimodal isotope envelopes is a signature for
irreversible protein unfolding. Adapted from Leth-Espensen et al. (23).

PNAS 2022 Vol. 119 No. 36 e2211136119 https://doi.org/10.1073/pnas.2211136119 5 of 12



showed that M404 is located within the GPIHBP1–LPL bind-
ing interface (34). Follow-up studies revealed that the M404R
substitution abolishes GPIHBP1 binding but has no effect on
LPL secretion or catalytic activity (34). The crystal structure
also made it possible to understand a p.D201V LPL mutation
in Lebanese patients with chylomicronemia (72). D201 (along
with A194, R197, S199, and D202) coordinates a calcium ion
in LPL’s hydrolase domain (34). We suspected that the calcium
ion might be crucial for the assembly of the hydrolase domain
and that any defect in calcium coordination would interfere
with LPL folding and secretion. Indeed, mutations in two of
LPL’s calcium-coordinating residues abolished LPL secretion
from cultured CHO cells (34).

Functional Relevance of GPIHBP1’s
Acidic Domain

The GPIHBP1 in every mammalian species contains an
N-terminal acidic domain. In human GPIHBP1, 21 of 26 consec-
utive residues are aspartate or glutamate. In the opossum, the acidic
domain is more impressive (32 aspartates or glutamates in 39 resi-
dues, including 23 consecutive aspartates). The exact sequence of
the acidic domain varies considerably in different mammals, and it
appears that aspartates and glutamates are used interchangeably. In
most mammals, the acidic domain contains a conserved tyrosine
(Y38 in human GPIHBP1). Studies with a sulfotyrosine-specific
antibody revealed that Y38 is sulfated (augmenting the negative
charge of the acidic domain). Sulfation of Y38 was confirmed by
MS (33). Mouse GPIHBP1 contains two tyrosines; MS revealed
that one-half of mouse GPIHBP1 molecules contain two sulfate
modifications, while the other half contain only one (30).
We uncovered roles for GPIHBP1’s acidic domain in bind-

ing LPL (20, 45), maintaining LPL conformation and catalytic

activity (20, 23, 33), and transporting LPL to the luminal sur-
face of capillaries (30).

A Role for the Acidic Domain in LPL Binding. Soon after show-
ing that LPL binds to GPIHBP1-transfected CHO cells, we
tested LPL binding to cells that expressed mutant GPIHBP1 pro-
teins with deletions in the acidic domain (45). The early experi-
ments were not performed with optimized binding assays, but
they suggested that the C-terminal half of the acidic domain
(residues 38 to 48) is important for LPL binding (45). We also
found that LPL binding to GPIHBP1 was inhibited by polyglu-
tamate or polyaspartate (45). While the acidic domain appeared
to contribute to LPL binding, it was clear that the acidic domain
alone was insufficient for stable LPL interactions. For example,
when the acidic domain was expressed in the context of CD59’s
LU domain, there was no LPL binding (45), and single amino
acid substitutions in the LU domain eliminated LPL binding—
despite an intact acidic domain (46, 47). Based on those early
observations, we speculated that the acidic domain bound positively
charged proteins in a “promiscuous” fashion and that the “lock and
key” specificity for LPL binding rested with the LU domain (46).

SPR studies clarified roles for GPIHBP1’s acidic domain and
LU domain in LPL binding. In initial studies, the CTD of human
LPL (residues 340 to 475) was immobilized on a sensor chip
coated with the LPL-specific mAb 5D2 (20). WT-GPIHBP1 or a
mutant GPIHBP1 lacking the acidic domain was injected over
the sensor chip, making it possible for us to measure interactions
of GPIHBP1 with the immobilized LPL. The affinity (Kd) of
GPIHBP1–LPL CTD interactions was ∼10-fold higher for
WT-GPIHBP1 than for a mutant GPIHBP1 lacking the acidic
domain (0.12 μM vs. 1.4 μM) (20). The reduced affinity with
the mutant GPIHBP1 was due to a lower association rate cons-
tant (kon). The dissociation rate constant (koff) was 0.1 s�1 for

Fig. 4. ANGPTL4-mediated inactivation of LPL triggers irreversible unfolding and collapse of the catalytic pocket in LPL’s N-terminal α/β-hydrolase (catalytic)
domain. This figure illustrates the step-wise LPL unfolding elicited by ANGPTL4 binding. Upon binding to ANGPTL4 (N1), there is greater flexibility in the
secondary structure elements of α5 and β6 (blue). The increased flexibility leads to an intermediate state (I) with more global but reversible unfolding of β5
(purple) and α3 (red). Ultimately, those changes trigger irreversible unfolding of structural elements (orange) forming LPL’s catalytic pocket (U). Adapted from
Kristensen et al. (64), which is licensed under CC BY 4.0.
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both the mutant and WT-GPIHBP1 proteins, implying that the
acidic domain has little effect on the stability of GPIHBP1–LPL
interactions (20). In these studies, a mutant GPIHBP1 with an
LU domain mutation (p.W109S) had no ability to bind to LPL’s
CTD, despite an intact acidic domain. Also, WT-GPIHBP1
failed to bind to an LPL CTD containing a p.C445Y mutation.
We also used microscale thermophoresis to measure equilibrium
binding constants for GPIHBP1–LPL interactions. In those stud-
ies, the affinity of GPIHBP1–LPL interactions was ∼25-fold
higher for WT-GPIHBP1 than for a mutant GPIHBP1 lacking
the acidic domain (20).
In subsequent SPR studies (33), performed with conditions

that optimized the conformational integrity of the immobilized
LPL, the kon for WT-GPIHBP1 binding to LPL was ∼2,500-fold
higher than for a mutant GPIHBP1 lacking the acidic domain (kon
3 × 108 M�1�s�1 vs. 8.7 × 104 M�1�s�1). Furthermore, because
the kon for WT-GPIHBP1 binding to LPL was markedly reduced
at higher NaCl concentrations, we concluded that the binding
kinetics were driven by electrostatic interactions between
GPIHBP1’s acidic domain and LPL’s basic patch (33). Interest-
ingly, the sulfation of Y38 contributed to the affinity of
GPIHBP1–LPL interactions; replacing Y38 with phenylalanine
reduced the kon for GPIHBP1 binding to LPL (33).
The ability of the acidic domain to accelerate the kinetics of

GPIHBP1–LPL interactions is probably important in vivo. We
suspect that GPIHBP1’s disordered acidic domain, which is
predicted to extend >60 nm in every direction (20, 33), facili-
tates the capture of LPL from subendothelial HSPGs and pro-
motes stable interactions of LPL with GPIHBP1’s LU domain.

The notion that the acidic domain augments the capture of
LPL within the subendothelial spaces was inspired by SPR
experiments in which LPL was bound to a sensor chip coated
with heparin sulfate (33). When WT human GPIHBP1 was
injected over the sensor chip, it rapidly detached the LPL from
the heparin binding sites (releasing GPIHBP1–LPL complexes
into the buffer flow). A mutant GPIHBP1 lacking the acidic
domain failed to detach LPL and, instead, simply bound to the
heparin-immobilized LPL (33).

A Role for the Acidic Domain in Stabilizing LPL Structure and
Activity. As noted earlier, HDX-MS studies revealed that full-
length GPIHBP1 reduces the spontaneous unfolding of LPL’s
hydrolase domain and preserves catalytic activity (20). GPIHBP1’s
acidic domain protects LPL from spontaneous unfolding, but a
mutant GPIHBP1 lacking the acidic domain has minimal ability
to prevent unfolding (20). Moreover, an acidic domain peptide
reduces spontaneous unfolding of LPL (although less efficiently
than full-length GPIHBP1) (20).

Full-length GPIHBP1 also protects against ANGPTL4-
catalyzed LPL unfolding (Fig. 4). Again, that protection requires
GPIHBP1’s acidic domain. A mutant GPIHBP1 lacking the
acidic domain had little effect on ANGPTL4-mediated un-
folding (21), and protection against ANGPTL4-mediated LPL
unfolding was reduced when the sulfated tyrosine in the acidic
domain (Y38) was replaced with a phenylalanine (33). Further-
more, the ability of a GPIHBP1 acidic domain peptide to
inhibit the equilibrium binding between LPL and full-length
GPIHBP1 was enhanced when Y38 was sulfated (33).

Fig. 5. Crystal structure of the human GPIHBP1–LPL complex. LPL assumed a head-to-tail homodimer conformation, with the lipid-binding Trp-rich loop in
the C-terminal PLAT (polycystin-1, lipoxygenase, α-toxin) domain of one monomer buried in the catalytic pocket of the N-terminal α/β hydrolase domain of
the partner monomer (34). (Left) A cartoon representation of the structure of a single LPL/GPIHBP1 complex. Both the α/β hydrolase and PLAT domains con-
tain a single N-linked glycan (orange sticks) (34); the hydrolase domain contains a single calcium ion (yellow sphere). Portions of the Trp-rich loop and the lid
covering the catalytic pocket were not defined in the electron density map. (Middle and Right) An electrostatic surface potential map of LPL with a ribbon dia-
gram of human GPIHBP1 (bound to LPL’s PLAT domain). N-terminal sequences (residues 21 to 61) containing the disordered acidic domain were not defined in
the electron density map. One surface of LPL, spanning both N-terminal domains and CTDs, contained a large basic patch (blue). Residues 21 to 61 of GPIHBP1
are predicted to extend from Leu-62 (the first residue defined in the crystal structure) and project over and form a fuzzy complex with LPL’s basic patch (34).
The C terminus of GPIHBP1 (residues 145 to 151) was not defined; a GPI moiety attached to residue G151 anchors GPIHBP1 to the plasma membrane of ECs.
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Thermostability measurements by nano-DSF underscored
the role of GPIHBP1’s acidic domain in stabilizing LPL con-
formation (23). WT-GPIHBP1 augmented the thermal stabil-
ity of LPL’s hydrolase domain (increasing the Tm from 34.8 °C
to 57.6 °C), whereas a mutant GPIHBP1 lacking the acidic
domain increased the Tm to only 42.2 °C (23).

A Role for the Acidic Domain in Transporting LPL across ECs.
SPR, HDX-MS, microscale thermophoresis, and nano-DSF
experiments—all involving purified proteins—revealed that
GPIHBP1’s acidic domain preserves LPL conformation, but we
wanted to define the biological importance of the acidic domain
for plasma TG metabolism. For this reason, we created mice with
a mutant allele, Gpihbp1S, in which 17 residues in the acidic
domain (including the sulfated tyrosine and the long stretch of
acidic residues) were replaced with an S-protein tag. Expression of
the Gpihbp1S allele in ECs was robust, and the mutant protein
(S-GPIHBP1) reached the luminal surface of capillaries (30). The
LU domain in S-GPIHBP1 was intact; thus, it retained the capac-
ity to bind LPL (30). However, SPR studies revealed that the kon
for S-GPIHBP1 binding to LPL was significantly lower than that
for WT-GPIHBP1. In contrast, the koff for S-GPIHBP1 binding
to LPL (reflecting stability of GPIHBP1–LPL interactions) was
similar to the koff for WT-GPIHBP1 (30).
Gpihbp1S/S mice had elevated plasma TG levels (∼500 mg/dL),

and the TG levels increased to >1,000 mg/dL after an intragas-
tric oil gavage (30). After an intravenous bolus of heparin,
plasma LPL activity levels were ∼70% lower in Gpihbp1S/S

mice than in Gpihbp1+/+ mice. In the heart and BAT, we
observed, by immunofluorescence microscopy, a modest increase
in LPL within the interstitial spaces, suggesting a reduced capacity
of S-GPIHBP1 to capture interstitial LPL. However, the most
remarkable microscopy finding was increased amounts of LPL on
the capillary ECs in Gpihbp1S/S mice (30). That observation
posed an obvious question: With greater-than-normal amounts of
LPL on capillaries, why did Gpihbp1S/S mice have hypertriglyceri-
demia? We imagined two possibilities. The first was that LPL on
capillaries in Gpihbp1S/S mice was distributed disproportionately
to the abluminal surface of capillaries (where it would be useless
for plasma TG metabolism). The second was that the catalytic
activity of LPL in Gpihbp1S/S mice was reduced (reflecting a
reduced capacity of S-GPIHBP1 to protect LPL from unfolding).
To define the distribution of LPL along capillary ECs in

Gpihbp1S/S mice, we imaged capillary cross-sections (30). In
BAT and the heart of Gpihbp1+/+ mice, LPL and GPIHBP1
were distributed equally along the abluminal and luminal surfa-
ces of ECs. In Gpihbp1S/S mice, we found markedly reduced
amounts of GPIHBP1 and LPL on the luminal surface of ECs
but increased amounts on the abluminal surface (30) (Fig. 6).
The reduced amounts of LPL inside the capillaries of
Gpihbp1S/S mice were confirmed by experiments in which we
gave mice intravenous injections of LPL- and CD31-specific
antibodies. The amount of LPL antibody binding to blood ves-
sels (relative to the binding of the CD31 antibody) was signifi-
cantly lower in tissues of Gpihbp1S/S mice than in tissues of
Gpihbp1+/+ mice (30).
We suspected that the disproportionate distribution of LPL

and S-GPIHBP1 to the abluminal surface of blood vessels in
Gpihbp1S/S mice was due to persistent binding of GPIHBP1-
bound LPL to abluminal HSPGs (30). In Gpihbp1S/S mice, we
reasoned that LPL’s basic patch would be exposed and free to
bind to abluminal HSPGs. In Gpihbp1+/+ mice, we suspected
that GPIHBP1’s acidic domain would sheath LPL’s basic patch,
abrogating HSPG interactions and freeing GPIHBP1–LPL

complexes to move to the capillary lumen. That interpretation
was supported by SPR studies that examined the ability of WT-
and S-GPIHBP1 to bind to LPL captured on heparin-coated sen-
sor chips (30). When S-GPIHBP1 was flowed over the sensor
chip, it bound (via its LU domain) to the LPL (Fig. 7). In con-
trast, when WT-GPIHBP1 was flowed over the sensor chip, it
detached the LPL, releasing GPIHBP1–LPL complexes into the
buffer flow (Fig. 7). Thus, WT-GPIHBP1, but not S-GPIHBP1,
was able to disrupt LPL binding to heparin sulfate chains.

The idea that the GPIHBP1–LPL complexes in the heart
and BAT of Gpihbp1S/S mice were trapped on the abluminal
surface of capillaries was supported by studies of GPIHBP1
localization in lung capillaries (30). GPIHBP1 is abundant in
lung capillary ECs, whereas LPL expression in the lung is
extremely low. Because the lung contains such low levels of
LPL, we suspected that abluminal trapping of S-GPIHBP1 in
lung capillaries would be absent in Gpihbp1S/S mice. Indeed,
S-GPIHBP1 was distributed evenly along the abluminal and
luminal surfaces of lung capillary ECs in Gpihbp1S/S mice (30).
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Fig. 6. Immunofluorescence confocal microscopy images of capillary cross-
sections in BAT from a WT mouse (Gpihbp1+/+) and a mutant mouse
(Gpihbp1S/S) in which the acidic domain was replaced with an S-protein tag.
Sections were stained with antibodies against GPIHBP1 (GPI), LPL, and CD31.
An EC nucleus (n) made it possible to examine distributions of GPIHBP1,
CD31, and LPL along the abluminal surface of ECs (blue arrowhead) and the
luminal plasma membrane (pink arrowhead). In Gpihbp1+/+ mice (+/+), LPL
was distributed roughly equally between the abluminal and luminal surfaces
of ECs. In Gpihbp1S/S mice (�/�), LPL was distributed asymmetrically, with only
trace amounts in the capillary lumen. (Scale bar, 2 μm.)

Fig. 7. SPR study demonstrating that WT mouse GPIHBP1 (WT-mGPIHBP1)
detaches LPL from a heparin sulfate–coated sensor chip, whereas a mutant
mouse GPIHBP1 protein lacking the acidic domain (S-mGPIHBP1) does not.
When buffer was injected over the sensor chip, LPL remained stably bound
to heparin sulfate chains (green). When WT-mGPIHBP1 was injected over
the sensor chip (in five consecutive serial dilutions, 12.5 nM to 200 nM), it
dislodged LPL from the heparin sulfate–coated sensor chip (black). When
S-mGPIHBP1 was injected over the sensor chip, it simply bound to the LPL
and did not dislodge it. Adapted from Song et al. (30), which is licensed
under CC BY 4.0.
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The notion that the GPIHBP1–LPL complexes in the heart
and BAT of Gpihbp1S/S mice were trapped by binding to HSPGs
on the abluminal surface of capillaries was also supported by
in vivo studies of GPIHBP1 movement across capillary ECs (30).
We injected the fluorescently labeled GPIHBP1-specific mAb
11A12 into interscapular BAT pads of Gpihbp1+/+ and
Gpihbp1S/S mice. In Gpihbp1+/+ mice, mAb 11A12 was rapidly
captured by GPIHBP1 on the abluminal surface of capillaries.
After 90 min, however, a large fraction of the antibody had been
transported to the luminal surface of capillary ECs. In Gpihbp1S/S

mice, mAb 11A12 did not move across ECs and, instead,
remained at the abluminal surface of ECs (reflecting trapping of
GPIHBP1-bound LPL by abluminal HSPGs) (30). In follow-up
studies, we coinjected mAb 11A12 into BAT along with heparin
or a high concentration of a GPIHBP1 acidic domain peptide
(30). We reasoned that disrupting electrostatic interactions between
LPL’s basic patch and abluminal HSPGs would make it possible
for S-GPIHBP1 to reach the capillary lumen. Indeed, both heparin
and the acidic domain peptide normalized the movement of mAb
11A12 across BAT capillary ECs in Gpihbp1S/S mice (30).
Abluminal trapping of S-GPIHBP1–LPL complexes undoubt-

edly contributed to the hypertriglyceridemia in Gpihbp1S/S mice,
but we also identified a second mechanism. The specific activity of
LPL in the postheparin plasma was ∼50% lower in Gpihbp1S/S

mice than in Gpihbp1+/+ mice (30). The lower specific activity in
Gpihbp1S/S mice is consistent with the properties of S-GPIHBP1.
The binding of WT mouse GPIHBP1 to mouse LPL increased
the Tm of LPL’s hydrolase domain from 34.5 ± 0.5 °C to 52.5 ±
0.2 °C, whereas the binding of S-GPIHBP1 increased the Tm only
to 39.3 ± 0.8 °C (30). Also, S-GPIHBP1 was less effective than
WT mouse GPIHBP1 in preserving the catalytic activity of puri-
fied preparations of mouse LPL (30).
GPIHBP1 expression is unique to mammals, whereas LPL is

expressed in all vertebrates. We propose (with a teleological
argument) that LPL’s basic patch, by binding to negatively
charged HSPGs within the interstitial spaces (including suben-
dothelial HSPGs), functions in vertebrates to keep LPL in the
local environment, thereby facilitating delivery of lipoprotein-
derived nutrients to nearby parenchymal cells (33). We suspect
that GPIHBP1 (complete with an N-terminal disordered acidic
domain) appeared in mammals to promote capture of LPL
from HSPGs (20, 33) and to provide an “electrostatic sheath”
for LPL’s basic patch. Sheathing of the basic patch limits LPL
interactions with HSPGs on the abluminal surface of capillaries
and frees GPIHBP1-bound LPL to move across ECs to the
capillary lumen (30).

GPIHBP1 Expression Is Important for the
Uptake of TRL-Derived Lipids by Tissues

Aside from causing elevated plasma TG levels, GPIHBP1 defi-
ciency impairs the delivery of lipid nutrients to peripheral tissues
(36, 37, 73). To examine uptake of TRL-derived lipids in tis-
sues, we administered 13C-labeled fatty acids to Gpihbp1�/� and
Gpihbp1+/+ mice by gastric gavage. After 4 d, NanoSIMS
was used to visualize (and quantify) 13C enrichment in tissues
(36). The 13C enrichment in the heart and BAT of Gpihbp1�/�

mice was reduced, but the level of 13C enrichment was increased
in the liver (36). Consistent with that observation, we found
higher levels of 16:1 fatty acids—and lower levels of 18:2 and
18:3 fatty acids—in adipose tissue TGs of Gpihbp1�/� mice
(73). In contrast, the 18:2,18:3/16:1 fatty acid ratio in liver TGs
was higher in Gpihbp1�/� mice than in Gpihbp1+/+ mice (73).

In another series of experiments, we produced TRLs that
were highly enriched in 2H-labeled TGs (37). The [2H]TRLs
were then administered intravenously to Gpihbp1�/� and
Gpihbp1+/+ mice. After 2 min, the mice were euthanized, and
tissue sections were prepared for NanoSIMS imaging. In the
hearts of Gpihbp1+/+ mice, [2H]TRLs had marginated along
the luminal surface of capillaries (37). In contrast, [2H]TRLs
margination was absent in heart capillaries of Gpihbp1�/�

mice. Also, the levels of 2H enrichment in heart capillary ECs,
cardiomyocytes, and cardiomyocyte cytosolic lipid droplets
were significantly reduced in Gpihbp1�/� mice (37).

In Gpihbp1+/+ mice, [2H]TRL margination was absent in
brain capillaries (consistent with the absence of GPIHBP1 in ECs
in the brain), and there was no 2H enrichment in brain parenchy-
mal cells. Interestingly, GPIHBP1 and LPL were easily detectable
by immunohistochemistry in capillaries of glioma tumors in the
cerebral cortex (74). After administering [2H]TRLs to mice with
glioma tumors in the cerebral cortex, we observed both [2H]TRL
margination along glioma capillaries and 2H enrichment in gli-
oma cells (74).

GPIHBP1 and Clinical Medicine

GPIHBP1 Deficiency. Given the phenotype of Gpihbp1�/�

mice, we suspected that GPIHBP1 mutations would eventually
be uncovered in patients with chylomicronemia. The first such
case was a 33-y-old male who was homozygous for a p.Q115P
mutation (24). Plasma TG levels were >3,000 mg/dL but fell
to 744 mg/dL on a fat-free diet. LPL mass and activity levels in
the postheparin plasma were ∼10% of those in normal subjects.
The Q115P substitution, located next to a cysteine in the LU
domain, impaired proper disulfide bond formation and abol-
ished GPIHBP1’s capacity to bind LPL (48).

GPIHBP1 deficiency causes lifelong chylomicronemia. Multi-
ple missense mutations have now been reported, with many
involving a cysteine within the LU domain. All of these mutations
prevent LPL binding (24–26, 75). One patient had a missense
mutation in GPIHBP1’s C-terminal signal peptide (downstream
from the LU domain), which likely interfered with GPI anchor-
ing (76). A 17.5-kb deletion spanning the entire GPIHBP1 gene
was identified in a 2-mo-old boy with failure to thrive and plasma
TG levels of >30,000 mg/dL (77). A point mutation in intron 2,
uncovered in chylomicronemia patients from Brazil, was proposed
to cause skipping of exon 3 (78). There have been no reports of
exon 2 acidic domain deletions, but we strongly suspect, based on
our mouse studies (30), that any such deletion would cause severe
hypertriglyceridemia.

Most patients with GPIHBP1 deficiency have plasma TG
levels of >1,500 mg/dL, although several subjects ascertained
through family studies had TG levels less than 1,000 mg/dL
(26, 77). A Chinese woman with GPIHBP1 deficiency had
baseline plasma TG levels of 234 mg/dL, but the TG levels
increased to >1,500 mg/dL during pregnancy. Several affected
patients have had a history of acute pancreatitis. A biochemical
hallmark of GPIHBP1 deficiency (apart from the high plasma
TG levels) is a low level of LPL in the preheparin and posthe-
parin plasma (very likely due to absent LPL transport into
capillaries) (24–26, 75). Plasma TG levels in heterozygotes
appear to be normal (26, 75).

Chylomicronemia is also caused by LPL missense mutations
that abolish the ability of LPL to bind to GPIHBP1 (e.g.,
p.M404R, p.C445Y, p.E448K) (71, 79, 80). Because these muta-
tions are distant from LPL’s catalytic domain, the mechanism for
the chylomicronemia was initially puzzling (79, 80). Follow-up
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studies revealed that the mutations have no effect on LPL cata-
lytic activity but cause disease by abolishing LPL binding to
GPIHBP1 (34, 52).

GPIHBP1 Autoantibodies. We discovered that some acquired
cases of chylomicronemia are caused by GPIHBP1 autoantibod-
ies (“GPIHBP1 autoantibody syndrome”) (27, 28). GPIHBP1
autoantibodies were uncovered while developing a mAb-based
enzyme-linked immunosorbent assay (ELISA) to measure plasma
levels of GPIHBP1 (27). As part of efforts to validate the ELISA,
40 human plasma samples were spiked with recombinant human
GPIHBP1 (27). In 38 of 40 samples, the “recovery” of the spiked
GPIHBP1 (as judged by the ELISA) averaged ∼98%. In the
other two samples, both from patients with chylomicronemia,
the recovery was <10% (27). In those cases, the “immunoassay
interference” (i.e., the failure to detect GPIHBP1) was caused by
GPIHBP1 autoantibodies (27).
GPIHBP1 autoantibodies bind to the LU domain (33) and

abolish LPL binding (27). We have identified ∼25 chylomicro-
nemia patients with GPIHBP1 autoantibodies. Nearly all have
had plasma TG levels of >1,500 mg/dL, and many had a history
of acute pancreatitis (27). Most but not all carried a diagnosis of
an autoimmune disease (e.g., systemic lupus erythematosus
[SLE], Sj€ogren’s syndrome, thryroiditis) or had serological evi-
dence of autoimmune disease (e.g., antinuclear antibodies) (27,
28). A female SLE patient with chylomicronemia and GPIHBP1
autoantibodies became pregnant and delivered a baby girl; the
infant was born with severe but transient chylomicronemia
(caused by maternal transfer of GPIHBP1 autoantibodies) (27).
In another case, chylomicronemia and GPIHBP1 autoantibodies
appeared after initiating interferon (IFN) β1α therapy for multi-
ple sclerosis (81). In that case, the autoantibodies disappeared,
plasma LPL levels increased, and plasma TG levels normalized
after discontinuing the IFN β1α treatment (81). In some cases,
GPIHBP1 autoantibodies have been intermittent, resulting in
intermittent chylomicronemia (82).
Patients with GPIHBP1 autoantibodies have extremely low

levels of LPL in the preheparin and postheparin plasma. In our
initial report, all of the patients had extremely low plasma levels
of GPIHBP1 (a result of immunoassay interference) (28). Subse-
quently, we encountered patients in which immunoassay inter-
ference was absent and plasma levels of GPIHBP1 were
extremely high (likely due to an accumulation of GPIHBP1
immune complexes in the plasma) (28). Thus, the properties of
GPIHBP1 autoantibodies in individual patients can vary (28).
Most patients with GPIHBP1 autoantibodies have a preponder-
ance of IgG4 and IgA autoantibodies (28). IgG4 autoantibodies
cannot activate the classic complement cascade and typically
cause disease by disrupting protein–protein interactions rather
than by inducing tissue injury (83).
We have not yet encountered GPIHBP1 autoantibodies in

cases of mild to moderate hypertriglyceridemia. When GPIHBP1
autoantibodies exceed the threshold of detection by our immuno-
assay, the plasma TG levels have been greater than 1,500 mg/dL.
Experience in treating the GPIHBP1 autoantibody syndrome

patients is limited, but several patients have been treated suc-
cessfully with rituximab (28, 84). In those cases, GPIHBP1
autoantibodies disappeared, and the plasma LPL and TG levels
normalized.
We suspect that many cases of GPIHBP1 autoantibody syn-

drome go undiagnosed. In a recent review of causes of chylomi-
cronemia (85), the GPIHBP1 autoantibody syndrome was not
mentioned in the differential diagnosis.

Perspectives

We now recognize that GPIHBP1 is responsible for transport-
ing LPL to the capillary lumen (17), that LPL transport into
capillaries is required for TRL margination along capillaries
(19), and that GPIHBP1 stabilizes LPL conformation and
enzymatic activity—even in the face of inhibitory proteins
(20–23, 33). GPIHBP1 was the key to determining the atomic
structure of LPL (34), and it led to the realization that freshly
secreted, catalytically active LPL is monomeric (22, 67).
GPIHBP1 also expanded the differential diagnosis of genetic
and acquired forms of chylomicronemia (24, 28). Collectively,
these findings expanded our understanding of GPIHBP1 and
LPL physiology, but, at the same time, they highlighted persis-
tent lacunae in the field of plasma TG metabolism.

At the level of basic physiology, we still have little under-
standing of LPL’s transit from the interstitium to the capillary
lumen. The machinery for GPIHBP1-mediated LPL transport
across ECs has received little attention. Also, we have little
understanding of LPL turnover and the extent to which turn-
over is affected by fasting and refeeding. There have been sug-
gestions that GPIHBP1 is a long-lived protein (86), but the
half-life of GPIHBP1 has never been investigated.

The location of LPL along the luminal surface of capillary ECs
needs more study. We know that GPIHBP1 moves LPL into
capillaries (17) and that GPIHBP1-bound LPL is catalytically
active (67), but whether the GPIHBP1-bound LPL on the lumi-
nal plasma membrane of ECs is solely responsible for TRL proc-
essing is not known. SPR studies revealed that GPIHBP1–LPL
complexes have a half-life of 55 s (33). If LPL were to detach
from GPIHBP1 on the luminal plasma membrane of capillary
ECs, it seems possible that some of that LPL might be captured
by the HSPG-rich glycocalyx lining of ECs. A glycocalyx-
bound pool of LPL—if it exists—could play a role in TRL
margination and intravascular TG hydrolysis. High-resolution
imaging studies are needed to better define the location of LPL
in capillaries.

At the level of molecular biology, we have little understand-
ing of GPIHBP1 gene expression. We know that an upstream
enhancer element influences gene expression (87), but we have
no understanding of why GPIHBP1 is expressed in capillary
ECs but not in ECs of venules or larger blood vessels. We also
do not understand why GPIHBP1 is absent in capillaries of the
brain.

At the level of biochemistry, we have little understanding of
how APOC2 interacts with GPIHBP1-bound LPL (or free
LPL), nor do we understand the structural features of LPL that
confer lipoprotein and glycerolipid substrate specificity. We
know that LPL’s C-terminal Trp-rich cluster is important for
TRL binding, but whether those tryptophans are directly
involved in mobilizing core TGs for hydrolysis requires more
study (35). Also, while the ability of ANGPTL4 to catalyze
LPL unfolding is well documented (21–23, 33, 64), the activity
of the ANGPTL3/ANGPTL8 complex needs more study. The
recent proposal that APOA5 suppresses the activity of the
ANGPTL3/8 complex is an exciting development (88). It will
now be important to determine whether APOA5 affects LPL
levels on the luminal surface of capillaries.

At the level of human genetics, we still have little under-
standing of why a two–amino acid truncation of LPL (S474X),
present in ∼10% of the population, increases plasma LPL levels
and lowers plasma TG levels (89). Based on the crystal struc-
ture of the GPIHBP1–LPL complex, it is likely that the S474X
mutation changes LPL’s basic patch (34). One possibility is
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that GPIHBP1 is particularly effective in preserving the struc-
ture and activity of S474X-LPL.
At the level of comparative biology, we have been intrigued by

the fact that LPL is conserved throughout vertebrate evolution,
whereas GPIHBP1 is present only in mammals. Because TRL proc-
essing is important for milk production by the mammary gland, we
suspect that GPIHBP1 may have appeared in mammals to support
“nursing the young.” In any case, the mechanisms for intravascular
TRL processing in “lower vertebrates” need further study. We have
presented evidence that LPL is present in heart capillaries of chick-
ens (90), but the mechanism for the entry of chicken LPL into
capillaries is unclear. New antibody reagents are needed to define
the distribution of LPL in tissues of reptiles, amphibians, fish, and
birds. Thanks to a new method for purifying LPL (91), creating
the required antibodies should be straightforward.

Data, Materials, and Software Availability. All study data are included in
the article.
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