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Biochemical Analysis of the LPL Truncation Variant, LPLS447x
Reveals Increased Lipoprotein Uptake

Cassandra K. Hayne*, Michael J. Lafferty™, Brian J. Eglinger®, John P. Kane', and Saskia B.
Neher*"

University of North Carolina at Chapel Hill, Biochemistry and Blophysics

UCSF Medical Center, Cardiovascular Research Institute

Abstract

Lipoprotein lipase (LPL) is responsible for the hydrolysis of triglycerides from circulating
lipoproteins. Whereas most identified mutations in the LPL gene are deleterious, one mutation,
LPLS447X  causes a gain-of-function. This mutation truncates two amino acids from LPL's C-
terminus. Carriers of LPLS#7X have decreased VLDL levels and increased HDL levels, a
cardioprotective phenotype. LPLS447X js used in Alipogene tiparvovec, the gene therapy product
for individuals with familial LPL deficiency. It is unclear why LPLS447X results in a more
favorable serum lipid profile than LPL. In vitro reports vary as to whether LPLS#7X s more active
than LPL. We report a comprehensive, biochemical comparison of purified LPLS447X and LPL
dimers. We found no difference in specific activity on synthetic and natural substrates. We also did
not observe a difference in the K; for ANGPTL4 inhibition of LPLS447X relative to LPL. Finally,
we analyzed LPL-mediated uptake of fluorescently labeled lipoprotein particles and found that
LPLS447X enhanced lipoprotein uptake to a greater degree than LPL. An LPL structural model
suggests that the LPLS#47X truncation exposes residues implicated in LPL binding to uptake
receptors.
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Nearly one third of the American population has elevated triglyceride (TG) levels, leading to
increased risk for cardiovascular diseasel. Lipoprotein lipase (LPL), an obligate
homodimeric enzyme, is the primary enzyme responsible for hydrolysis of circulating TG-
rich lipoproteins. Although most identified mutations in the LPL gene are deleterious, one
mutation, LPLS447X  has been reported as a gain-of-function mutation?, LPLS447X js
truncated by two amino acids at the C-terminus, which results in the loss of a serine and
glycine. Intriguingly, studies comparing human LPLS447X carriers to non-carriers report that
carriers have a reduced incidence of myocardial infarction, and a favorable lipid profile
highlighted by decreased TG and increased HDL3-°. An analysis of LPLS447X carriers who
participated in the Framingham Heart Study found that approximately 17% of the American
population carries at least one copy of the truncated LPL. Additionally, male carriers showed
an average of 13.8% reduction in TG levels whereas female carriers do not show changes in
TG levels®. Average TG reduction varies by study, and some studies identify female carrier
populations with reduced TG levels3.

Results from mouse studies were similar. LPL™/~ mice rescued by retroviral treatment with
LPLS447X showed significantly lower triglyceride levels than LPL ™/~ mice treated with
LPLS. In that study, LPLS447X and LPL protein levels did not significantly differ, whereas
the activity of LPLS#47X was two times that of LPL. Despite the strong /n vivo evidence
from both mice and humans demonstrating that LPLS#47X is a gain-of-function mutation, the
precise mechanism by which LPLS447X js beneficial remains unclear. Past studies have
compared the production, stability, and activity of LPLS#47X and LPL and cannot explain the
in vivo phenomena®-8,

In contrast to the /n vivo studies, in vitro reports vary as to whether the LPL variants have
different activity. Measurements of proteins in tissue culture media showed that LPLS447X
had increased®?, decreased® 10, or no differencell 12 in activity. Many of these studies used
LPL quantified by ELISA to determine protein mass, whereas others use Western blots.
These methods do not account for the inactive pools of LPL, which comprise the majority of
the protein in media. Inactive LPL includes LPL that has undergone cleavage by proprotein
convertases and monomeric LPL that can no longer dimerizel3: 14, Further, the studies
evaluated LPL’s catalytic activity on non-physiological substrates, rather than on TG-rich
lipoproteins.

One explanation for LPLS447X's observed in vivo gain-of-function could be changes in
binding affinity between LPL and one or more of its interacting factors.
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Glycosylphosphatidylinositol anchored high-density lipoprotein binding protein 1
(GPIHBP1)15 and lipoprotein receptor-related protein (LRP)16 are both known to interact
with the C-terminus of LPL, and could thus interact differently with LPLS447X GPIHBP1 is
the protein responsible for translocation of LPL to the capillary lumen, and a recent study
showed that its binding affinity for LPLS#47X was not altered, which suggests another factor
may be the key to the differencell- 17, LRP is a receptor for the endocytosis of ApoE-
containing lipoproteins, and LPL enhances LRP-mediated lipoprotein uptakel8-20, In
support of this idea, a previous report by one group indicates an increase in clearance of
lipoproteins in LPLS#7X carriers?l, We thus investigated the possibility that the benefits of
LPLS447X are not linked to enzymatic activity, but instead in how LPL bridges lipoprotein
uptake.

An alternate explanation for enhanced LPLS447X function is differences in how the two LPL
variants are regulated by circulating activating and inactivating factors. Angiopoietin-like
protein 4 (ANGPTL4) and apolipoproteins regulate LPL, but the specific binding sites on
LPL are not known. We recently showed that ANGPTL4 inhibits LPL by a non-competitive
mechanism?2, Because the ANGPTL4-binding region(s) on LPL are unknown, we
hypothesized that ANGPTL4 might have decreased binding to the truncated variant of LPL,
which would allow LPL to be more active /in vivo. Alternatively, other alterations in binding
may occur between LPL and the apolipoproteins that reside on the surface of lipoproteins.
Thus, LPLS447X would have altered activity /7 vivo because key binding partners are
present.

Here, we aim to understand the advantageous characteristics of LPLS47X observed in vivo
using biochemical assays to compare LPL and LPLS447X activity alone and in the presence
of various binding partners. We find that LPL and LPLS*47X have identical catalytic activity
on artificial and natural substrates. We did not find a significant difference in ANGPTL4
inhibition of LPL, either in the presence or absence of GPIHBP1. Finally, we did see a
difference in LPL-enhanced uptake of lipoproteins by hepatic cells. Modeling the LPLS447X
truncation onto the LPL structure suggests that loss of these two amino acids may provide
enhanced access to the LRP receptor-binding site on LPL, which may also be where other
lipoprotein uptake receptors bind to LPL. In keeping with this hypothesis, we found that
LPLS447X hound more tightly than LPL to the low density lipoprotein receptor (LDLR).

EXPERIMENTAL PROCEDURES

Molecular Cloning

LPL and GPIHBPL1 variants were cloned into pPCDNAS/FRT/TO (Thermo Fisher Scientific).
The human and mouse GPIHBP1 constructs included a HIS-tag after the cleavage sites, after
amino acids 151 and 181, respectively. The cloning of pET16B_ANGPTL was previously
described?2.

Protein Expression and Purification

LPL and GPIHBP1 expression and secretion were induced by replacing the growth medium
with in Dulbecco's Modified Eagle Medium (DMEM) containing 1% Fetal Bovine Serum,
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1% Penicillin-Streptomycin, and 1 mM L-Glutamine, with 20 pg/mL Tetracycline. For LPL,
10 units/mL Heparin and 1 mM CaCl, were also added.

LPL was purified over a HiTrap Heparin Sepharose High Performance Column (GE
Healthcare Life Sciences), washed with 75 column volumes of 850 mM NaCl, 10% glycerol,
20 mM Bis-Tris pH 6.5 and eluted with 1500 mM NacCl, 10% glycerol, 20 mM Bis-Tris pH
6.5. Protein was concentrated, aliquoted, flash frozen in liquid nitrogen, and stored at —80° C
until use. For GPIHBP1, the media pH was adjusted to >8.0. Media was then incubated with
cOmplete His-Tag Purification Resin (Roche), washed with buffer (200 mM NaCl, 20 mM
Tris 8.0), and eluted with buffer + 500 mM Imidazole. ANGPTL4 was purified as previously
described?2.

Quantification of LPL Variants

Bovine LPL of a known concentration, purified as described?3, was used as a standard for
the quantification of LPL variants. Bovine LPL and the LPL variants were incubated for 30
minutes at room temperature with an excess of ActivX TAMRA-FP Serine Hydrolase Probe
(Thermo Fisher Scientific). Reactions were quenched by the addition of loading dye.
Samples were loaded onto 12% gels and separated by SDS-PAGE. The gel was imaged
using a Typhoon Trio+ imager (excitation 532 nm, 580 nm BP 30 emission filter, GE
Healthcare Life Sciences). ImageQuant TL software was used to quantify band intensities.
Concentrations of the LPL samples (dimers) were calculated from the bovine LPL standard
curve. Only unknown concentrations that fell within standard curves with R? > 0.95 were
used in activity assays. Samples were quantified in triplicate. The LPL antibody a-4-1a, a
kind gift from André Bensadoun, was used to demonstrate that the active-site labeled protein
concentrations were equal to the purified dimer protein concentration??.

Activity Assays for LPL, Using Fluorescent Lipase Substrate

Activity assays were carried out essentially as described??, except that 2.5 nM LPL was
used, assays were carried out at 37 °C, and the first 200 seconds of the reaction was used to
calculate the initial velocity. Deoxycholate (at 1 mM) was included in all reactions to
stabilize LPL.

Activity Assays for LPL, Using Plasma Derived Triglycerides

Plasma from patients with normal lipid profiles and hyperlipidemia were supplied by Dr.
John Kane and were collected under protocol # 10-00272 as approved by the Institutional
Review Board at the University of California at San Francisco. Informed consent was
obtained from all human subjects. Triglyceride rich lipoproteins (TRLs) were isolated as
previously described?>. TRLs were quantified as previously reported26. 2.5 nM LPL, final
concentration, was incubated with isolated lipoproteins in a volume of 30 uL. Individual
reactions were quenched at 0, 3, 6, and 9 minutes by the addition 10 uL Orlistat (Cayman
Chemical Company, Ann Arbor, Michigan, USA) to a final concentration of 150 uM Orlistat
in 40 pL. Released free fatty acids (FFA) were quantified using reagents previously
described?6. Initial velocities were calculated by plotting FFA (uM) release against time
from 0-9 minutes. Initial velocities were plotted as a function of substrate concentration and
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fit to the Michaelis—Menten equation using Kaleidagraph to calculate the kinetic parameters
Vmax and Ky, Each LPL sample was assayed at least five times.

Inhibition of LPL by ANGPTL4

To determine the K for ANGPTL4 inhibition of LPL, ANGPTL4 was added to dilute LPL
at a final volume of 70 uL/reaction. The reaction was initiated by the addition of 30 pL of
varying levels of DGGR in Anzergent (Affymetrix), to a final volume of 100 uL. Samples
were shaken in a Spectromax M5 plate reader, set to 37 °C, for 5 seconds and then substrate
hydrolysis was measured by fluorescence excitation at 529 nM, emission at 600 nM, and a
filter of 590 nM. Final assay buffer concentrations were 150 mM NaCl, 1 mM deoxycholate,
20 mM Tris pH 8.0, 0.2 % Fatty Acid Free BSA, and 0.01 % Anzergent. Final ANGPTL4
concentrations were 0, 0.25, 0.5, 1.0, and 2.0 uM. The rate of initial LPL substrate
hydrolysis was plotted as a function of substrate concentration. Next, data were fit to the
equation for noncompetitive inhibition: v = Vmax*[S]/{(Km*(1+[I]/Ki))+([S]*(1+[I]/Ki))}
where Vax is the uninhibited maximum rate of substrate hydrolysis, Ky, is the Michaelis-
Menten constant, [S] is substrate concentration, [I] is inhibitor concentration, and K; is the
inhibition constant. Data were fit using simultaneous nonlinear regression with the program
Mathematica (Wolfram Research).

ANGPTL4 Inhibition in the Presence of GPIHBP1

LPL assays were conducted essentially as described above for the LPL activity assays,
without the inclusion of deoxycholate because GPIHPBI stabilizes LPL. GPIHBP1
(approximately 80 nM final concentration) was pre-incubated with LPL diluted in assay
buffer before the addition of ANGPTL4 (0.5, 1.0 and 2.0 uM final concentration).

Measurement of Low Density Lipoprotein Uptake

Clear bottom, black sided 96-well plates were coated with 0.1 mg/mL Poly-D-Lysine and
allowed to incubate for 8 minutes. Wells were then washed three times with PBS and the
plates were cured under UV light for at least 15 minutes. Alternatively, TC-treated 96-well
black sided, clear bottom plates were used. HepG2 cells were seeded and allowed to grow to
approximately 90% confluence in DMEM containing 10% Fetal Bovine Serum, 1%
Penicillin-Streptomycin, and 1 mM L-Glutamine. Cells were starved for 2.5 hrs in
Phosphate Buffered Saline (PBS), and then the PBS was replaced with PBS with or without
10 nM LPL (desalted into PBS) and 1X LDL-550 (Abcam). Cells were incubated for 30
minutes then washed three times with PBS. 50 L fresh PBS was added to the cells and
wells were read for fluorescence intensity at 570 nm after excitation with a laser at 540 nm.
Each plate contained at least triplicate wells for control, LPL, and LPLS*47X samples. Data
from different days was consistent, but to account for small deviations in cell number,
confluency, and time, samples were normalized to the LDL alone control measured each
day. Experiments were conducted on three different days.

Measurement of Very Low Density Lipoprotein Uptake

Huh-7 cells were seeded into TC-treated 96-well black sided, clear bottom plates and
allowed to grow to near confluence in DMEM containing 10% Fetal Bovine Serum, 1%

Biochemistry. Author manuscript; available in PMC 2018 March 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hayne et al. Page 6

Penicillin-Streptomycin, and 1 mM L-Glutamine. Cells were starved for 2 hours in PBS, and
then the PBS was replaced with PBS with or without 20 nM LPL (desalted into PBS) and
fluorescently labelled VLDL. VLDL was labelled as previously described?’, except 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-(carboxyfluorescein) salt (Avanti) was used
for the labeling reagent. Cells were incubated with LPL/VLDL mixtures for 30 minutes then
washed three times with PBS. Fresh PBS was added to the cells and the fluorescence was
measured by excitation at 494 nM, emission at 515 nM, and a cut-off filter at 515 nM. Each
plate contained at least four wells per sample, controls, LPL, and LPLS#47X samples. Data
from different days was consistent, but to account for small deviations in cell number,
confluency, and time, samples were normalized to the LDL alone control measured each
day. Experiments were conducted on three different days.

LPL Modeling

Lipoprotein lipase was modeled using the I-TASSER structure prediction server28-30, Top
threading templates used included human pancreatic lipase (2PPL) and horse pancreatic
lipase (LHPL). All templates were between 28-30% sequence identity and greater than 93%
sequence coverage. Despite the high sequence coverage, the C-terminal tail residues of LPL
(439-448) are not homologous to any of the threading templates used by I-TASSER. To
further model the C-terminal tail of LPL, the FloppyTail application within the Rosetta
software suite was used to determine 1100 possible structural conformations for residues
43944831, The top 10 lowest energy structures (Supplemental figure 2) were analyzed to
identify feasible interactions between the C-terminal tail and regions of LPL known to play a
role in receptor binding.

Analysis of LPL LDR binding by SPR

SPR experiments were performed using the ProteOn XPR36 (Biorad) with the HTG Sensor
Chip and Kit (Biorad). His-tagged LDLR (Invitrogen) was immobilized on the chip by flow
at 25 pL/min for 120 seconds. Buffer blanks were taken for 60 seconds at 100 pL/min.
Finally, LPL variants at 6.6 and 20 nM were flowed over channels with or without LDLR for
100 seconds at 100 pL/min. All measurements were carried out at 25 °C in 50 mM Tris 8.0,
400 mM NacCl, 1% glycerol, 0.005 % Tween-20, 2 mg/mL BSA, 2 mM CaCl,, and 1 mM
deoxycholate. All data was collected and analyzed using ProteOn Manager. Buffer and a
channel with no LDLR were background subtracted from the data. A Langmuir interaction
model for 1:1 binding with simultaneous on/off was used to estimate kinetic parameters.

HAZARDOUS PROCEDURES

Universal precautions were taken when handling all blood and tissue culture samples.

RESULTS

LPL and LPLS447X are Equally Active on Natural and Synthetic Substrates

LPLS447X could show a gain-of-function phenotype /7 vivo because it has a higher specific
activity than LPL. We thus set out to determine if the LPL variants differ in their specific
activities using the purified, dimeric fraction of both LPL and LPLS*7X_We precisely
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quantified the amount of active lipase in each preparation using an activity based probe3?,
which fluorescently labels the active site serine of only properly folded, active lipases
(Figure 1A). We next analyzed lipase activity using DGGR, a synthetic substrate that
produces a fluorescent signal upon hydrolysis. Equal amounts of LPL and LPLS447X were
assayed at increasing substrate concentrations to complete a full Michaelis—Menten curve.
As shown in Table 1 and Figure 1B and C, LPL and LPLS*7X showed no difference in Viax
or K, when assayed on DGGR. Thus, from these quantitative Kinetic assays using purified,
precisely quantified LPL variants, LPLS447X does not have an enhanced ability to bind or
hydrolyze substrate relative to LPL.

Because LPLS4"X and LPL showed similar specific activity on a synthetic substrate, we
asked if LPLS447X had enhanced triglyceride hydrolysis activity on a natural substrate.
Lipoproteins contain apolipoproteins that alter LPL activity. For example, ApoC-Il, a
component of VLDL and chylomicrons, activates LPL, whereas ApoC-IIl inhibits LPL33,
We thus tested the hypothesis that LPLS447X could be more activated or less inhibited than
LPL by an apolipoprotein component of its natural substrates. Chylomicrons from a patient
with severe hypertriglyceridemia were used to achieve maximal substrate concentration for a
full Michaelis-Menten analysis. No difference in Vpay or Kp, between LPL and LPLS447X
was observed on chylomicrons (Table 2, Figure 2A). In addition, LPLS447X and LPL showed
identical activity on VLDL purified from a patient with a normal lipid profile (Figure 2B).
Because the LPL variants are equally active on triglyceride rich lipoproteins (TRLS), these
data suggest that there is no difference in the interaction of the LPL variants with the
apolipoproteins on the surface of the TRLs.

No Significant Difference in ANGPTL4 Inhibition of LPL vs. LPLS447X

LPL activity is inhibited not only by ApoC-IIl, but also by soluble secreted proteins
including ANGPTL4. We thus measured the ANGPTL4 inhibition of both LPL variants.
LPL activity was measured over several substrate concentrations in the presence of
increasing amounts of ANGPTL4. Data were fit to an equation for noncompetitive
inhibition. No significant difference in K; was observed (o-value > 0.05, Figure 3),
suggesting that ANGPTL4 does not inhibit LPLS*7X more than LPL.

No Difference in GPIHBP1-Mediated Protection of LPL vs. LPLS447X Against ANGPTL4

Inhibition

Because ANGPTL4 does not inhibit LPLS447X to a greater extent than LPL, we wanted to
determine if ANGPTLA4 inhibited the two LPL variants differently in the presence of
GPIHBPL. In a previous study, it was shown that soluble GPIHBP1 protects LPL from
inhibition by ANGPLT434. Another study showed that ANGPTL4 displaces LPL from
GPIHBP135. Although GPIHBP1 bound equivalently to LPL and LPLS47X it is possible
that GPIHBP1 differently protects LPL and LPLS447X from inhibition by ANGPTL41L, We
therefore tested the protective effect of GPIHBP1 on LPL and LPLS447X inhibition by
ANGPTL4. We tested LPL inhibition at three concentrations of ANGPTL4, one at and two
above the K; for inhibition of LPL. Neither LPL variant was preferentially protected against
ANGPTLA4 inhibition (Figure 4). Thus, ANGPTL4 does not inhibit the two LPL variants
differently, even in the presence of LPL’s physiological binding partner, GPIHBP1. One
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unexpected outcome of these experiments was that we observed that only truncated mouse
GPIHBP1, but not truncated human GPIHBP1, was secreted from cells in culture
(Supplemental figure 1). Thus, mouse GPIHBP1 was used in these experiments.

LPLS447X Enhances Lipoprotein Uptake to a Greater Extent that LPL

LPL is responsible for bridging the uptake of LDL and VLDL particles by the liverl9 36,
through an interaction mediated by the C-terminus of LPL16: 37, We measured the ability of
LPL and LPLS447X to assist with LPL-mediated lipoprotein uptake. Accordingly, we
incubated LDL particles conjugated to DyLight-550 with cultured HepG2 hepatic cells and
measured the resulting fluorescence intensity of the cells. We observed that both LPL and
LPLS447X increased LDL uptake into the HepG2 cells. However, LPLS447X increased LDL
uptake more than LPL and this difference was significant (p-value < 0.05, Figure 5A). To
further explore this result, we utilized SPR to analyze the interaction between the two LPL
variants and the LDLRV. These experiments revealed that both LPL and LPLS447X hound to
LDLR with sub-nanomolar affinity, but LPLS447X binding was several orders of magnitude
tighter (Supplemental Figure 3).

LPLS447X also increased uptake of VLDL more than did LPL. To analyze uptake of
fluorescently labeled VLDL, we used Huh-7 cells as we observed that VLDL uptake was
more robust in these cells. Again, we observed that LPLS447X enhanced lipoprotein uptake
relative to LPL, and this difference was significant (Figure 5B, p< 0.05). Thus, our study
suggests that the beneficial effect of LPLS*7X stems at least partly from its ability to more
greatly enhance the receptor-mediated uptake of lipoproteins by the liver.

DISCUSSION

The LPLS#47X mutation occurs in 10-20% of the population38. It is different from other rare
and common LPL mutations in that it has a beneficial effect. Although many theories have
been proposed and tested, the precise reason that loss of these last two amino acids enhances
LPL's function is still unknown3. Despite this ambiguity, LPLS447X is used in Alipogene
tiparvovec (Glybera), the gene therapy product for LPL deficiency39. Use of LPLS447X for
gene therapy is supported by a study in mice comparing rescue of LPL deficient mice with
LPL vs. LPLS447X via adenoviral-mediated gene transfer8. This study provided strong
evidence that LPLS447X js a gain of function mutation and that the effect occurs at the
protein level because the two versions of LPL were expressed in identical adenoviral
vectors®. Studies in humans and mice suggest that LPL levels in post-heparin plasma are not
different between LPL and LPLS*7X individuals® 21 40, Other studies note that any
differences in plasma protein levels could be explained by the use of different LPL
antibodies8. Thus, in the absence of significant differences in plasma protein levels,
LPLS47X must either have intrinsically higher catalytic activity, have a higher fraction of
active LPL due to increased stability to inhibition, or it must enhance hepatic uptake of
lipoproteins from the blood. As discussed below, we provide biochemical evidence that
favors the last explanation.

To date, data showing that LPLS447X has enhanced catalytic activity have been
contradictory, with studies showing that LPLS#47X has increased®, decreased, or no
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differencell: 12 in activity. These disparate results are likely due to the fact that these studies
used conditioned media as a source of LPL. These assays generally use unpurified LPL
variants that are quantified via ELISA or Western blot. These methods for quantification do
not account for the inactive monomeric and cleaved populations of LPL, which make up the
majority of the protein population secreted into tissue culture media. We therefore purified
human LPL and LPLS*7X from conditioned media using heparin-sepharose
chromatography. We quantified the amount of active LPL using a fluorescent, activity-based
protein probe that targets serine hydrolases32. We used the well-quantified, active LPL in
measurements of the hydrolysis of the synthetic substrate DGGR. These data show that there
is no difference in substrate binding or hydrolysis between the variants, nor two C-
terminally tagged versions of LPL (data not shown). We also tested the idea that the kinetics
of substrate binding and hydrolysis of LPL’s natural substrates, TRLs, were different than
the hydrolysis of the synthetic model substrate. LPL’s natural substrates of TRLs are
decorated with apolipoproteins that regulate LPL activity and particle uptake. Hydrolysis
assays using TRLs isolated from human serum as substrates showed that LPLS447X does not
have significantly different hydrolytic activity than LPL. This finding is in agreement with
our studies using a synthetic substrate, and indicates that there is no difference in enzymatic
activity between the two LPL variants. Furthermore, these findings suggest that the
differences seen /n vivo do not result from differences in the interactions of the LPL variants
with lipoproteins during hydrolysis.

To examine the possibility that the differences between LPLS447X and LPL /n vivo could be
explained by LPL’s interaction with one of its many regulatory factors, we tested inhibition
by ANGPTLA4 both alone and in the presence of GPIHBP1, which has been reported to
protect LPL from ANGPTL4-mediated inhibition34. LPL and LPLS447X bind to GPIHBP1
equivalently, although residues 421-435 in LPL’s C-terminus mediate LPL binding to
GPIHBP111. 15 Therefore, the LPLS447X truncation could result in less LPL exposed when
it is GPIHBP1-bound and thus better protection of LPL from inhibition. However, we did
not find a significant difference in ANGPTL4 inhibition of the two LPL variants, either in
the presence or absence of GPIHBPL.

Independent of its catalytic activity, LPL enhances the receptor-mediated uptake of
lipoproteins via at least three receptors. LPL enhances the binding, uptake and degradation
of triglyceride-rich and remnant lipoproteins mediated by the LRP18: 19, PL also enhances
the LDL receptor-mediated uptake of LDL particles36, and enhances TRL uptake through
the VLDL receptor (VLDLR)*L. Previous reports demonstrate that the C-terminal domain of
LPL is responsible for the interaction with LRP16: 42-45 The specific domains of LPL that
mediates interaction with the VLDL and LDL receptors are not yet known. Using
fluorescently labeled LDL and VLDL particles, we found that liver-derived cells (HepG2
and Huh-7, respectively) took up more of the labeled lipoproteins when LPLS447X vs, |LPL
was added. This result is due to enhanced receptor binding by LPLS#7X  rather than
enhanced TRL binding, because both LPL variants had equivalent K,s for hydrolysis of
TRLs. We also show that LPLS447X binds to the LDLR more tightly than does LPL
(Supplemental figure 3). Finally, our results are consistent with a study comparing ApoB100
metabolism in individuals homozygous for LPLS#47X to control subjects, which showed that
ApoB100 LDL clearance was enhanced in homozygous LPLS447X individuals?L.
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Further, our findings make structural sense in light of a study by Chappell et al.#4 in which
the C-terminus of LPL was expressed in £. coliand tested for its ability to enhance VLDL
uptake. In that study, the authors found that four single point mutations in LPL (R405A,
K407A, K413A, and K414A) are each sufficient to reduce the LPL-enhanced uptake of
VLDL particles. Other groups suggest a similar LRP binding region on LPL involving
residues 390-42143, 31344845, or 380-425%2. In Figure 6, we modeled LPL’s structure
using I-TASSER?8-30, Because the C-terminal tail of LPL was not homologous to any of the
threading templates used by I-TASSER, we further modeled it using the FloppyTail
application within Rosetta3l. These models suggest that the LRP-binding region on LPL
encompassing residues 405-414 (Figure 6, magenta) may be occluded by LPL’s C-terminal
tail (Figure 6, cyan and blue). In particular, amino acids 447 and 448, the amino acids lost in
LPLS447X may contribute to binding interactions that stabilize interactions between the C-
terminal tail and the LPR-binding region (see Supplemental figure 2). We therefore suggest
that the truncated version of LPL has improved uptake because it provides more access to
the LRP-binding region of LPL between residues 405-414. It is possible that LDLR,
VLDLR, and LRP all bind to LPL in a similar fashion. LDLR and VLDLR share 46%
sequence identity and both share homology with LRP through its many low-density
lipoprotein receptor class domain repeats.

LPLS447X has long been a mysterious gain-of-function mutation. Past experimental and
population studies have produced contradictory results to explain why LPLS447X carriers
benefit from a cardioprotective phenotype. Our intensive biochemical approach allows us to
conclude that the cardioprotective effect of LPLS447X is not likely due to a difference in
specific activity or interaction with apolipoproteins. We observed no significant changes in
ANGPTL4 inhibition on LPLS#47X as compared to LPL, indicating that changes in
inhibition are unlikely the factor resulting in the changes seen /n vivo. Rather, our data
support the idea that LPLS447X increases LPL-mediated lipoprotein uptake. A model of
LPL's structure suggests that when LPL's last two amino acids are lost, interactions between
LPL's C-terminus and a region needed for uptake receptor binding are weakened. As a
result, the receptor-binding region could be more exposed in LPLS#47X as compared to LPL,
resulting in enhanced receptor-mediated uptake of lipoproteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
ANGPTL4 Angiopoietin-Like Protein 4
DGGR 1, 2-Di-O-lauryl-rac-glycero-3-(glutaric acid 6-methylresorufin ester)
DMEM Dulbecco's Modified Eagle Medium
FFA Free Fatty Acid
GPIHBP1 Glycosylphosphatidylinositol Anchored High-Density Lipoprotein Binding
Protein 1
K; Inhibition Constant
LDL Low Density Lipoprotein
LDLR Low Density Lipoprotein Receptor
LPL Lipoprotein Lipase
LRP Lipoprotein Receptor-Related Protein
PBS Phosphate Buffered Saline
SPR Surface Plasmon Resonance
TG Triglyceride
TRLs Triglyceride Rich Lipoproteins
VLDL Very Low Density Lipoprotein
VLDLR Very Low Density Lipoprotein Receptor
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Figure 1.

LPL and LPLS447X are equally active on the lipase substrate DGGR. A) An activity based
probe was used to quantify the amount of active human LPL and LPLS447X using bovine
LPL as a standard. The equal concentration of LPL and LPLS447X is verified by Western
blot using an antibody more sensitive to human LPL. B) A Michaelis—Menten curves
showing that LPL (filled circles) and LPLS*7X (empty squares) have identical activity when
hydrolyzing a synthetic substrate. C) Graph of Vax and Ky, values from multiple
experiments for both LPL variants. A two-tailed student’s #test showed no significant
difference in Vpmax (o> 0.05) and K, (0> 0.05) for LPL vs. LPLS447X,
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Figure2.
LPL and LPLS447X hydrolyze TRLs equivalently. A) Hydrolysis of chylomicrons by LPL

and LPLS447X B) Hydrolysis of VLDL by LPL and LPLS#47X. A two-tailed student’s #test
showed no significant difference between LPL vs. LPLS*7X in the Vpnax (2> 0.05) and K,
(p>0.05) on chylomicrons. There was not a significant difference between LPL vs.
LPLS447X hydrolysis of VLDL (o> 0.05).
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ANGPTL4 inhibits LPL and LPLS447X equivalently. Example Michaelis—-Menten curves of
A) LPL and B) LPLS447X showing inhibition with increasing concentrations of ANGPTL4
over multiple substrate concentrations to obtain K; values. Data was fit to an equation for
noncompetitive inhibition. C) Data from independent experiments performed on different

days with different ANGPTL4 preps is plotted. There is no significant difference in

ANGPTL4 inhibition of LPL and LPLS*7X (p> 0.05).
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Figure 4.
LPL and LPLS447X are equivalently inhibited by ANGPTL4 in the presence of GPIHBP1.

LPL and LPLS447X were pre-incubation with GPIHBP1 and then increasing concentrations
of ANGPTL4 were added, and LPL activity was tested. These experiments show that LPL
and LPLS#47X are equivalently inhibited by ANGPTL4 in the presence of GPIHBP1.
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Figure5.
LPLS447X enhances uptake of fluorescent lipoprotein particles to a greater extent than LPL.

A) Uptake of DyLight-550 labeled LDL by HepG2 cells in the presence of LPL and
LPLS447X  as compared to no LPL. Randomly selected representative replicates from three
different days are shown. A two-tailed student’s #test showed a significant difference in
LDL uptake mediated by LPL vs. LPLS447X (p << 0.005). Both variants showed a
significant difference in uptake when compared to the control without LPL. B) Uptake of
fluorescein labeled VLDL by Huh-7 cells in the presence of LPL and LPLS*7X  as
compared to no LPL. A two-tailed student’s #test showed a significant difference in VLDL
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uptake mediated by LPL vs. LPLS447X (p< 0.005). LPL loading is shown via anti-4-1a
Western blot for both experiments.
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Figure®6.
Potential model for LPLS447X gain-of-function. A homology model of LPL as predicted by

I-TASSER was further refined using Rosetta:FloppyTail to find possible C-terminal tail
confirmations. A low energy structure is shown in which the tail of LPL (439-448 colored in
green/blue) occludes residues 405-414 (magenta). By this model, residues 447 and 448
(blue) can feasibly form hydrogen bonds with residues 411 and 412. Additional
Rosetta:FloppyTail predicted models can be seen in Supplemental Figure 2.
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Activity of LPL variants on DGGR

Parameter V max Km
(RFU/s) (M)

LPL (10.82 £1.0) x 1073 | (2.78 £0.66) x 1077

LPLS447X (10.32+1.41) x 1073 | (3.40+0.92) x 1077
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Table 2

Activity of LPL variants on lipoproteins isolated from human blood

Parameter | Vi (chylomicrons) | K, (chylomicrons) rate (VLDL)

TG (M/s) (M) FFA (M/s/mol lipase)
LPL (5.32+1.37) x 107 | (6.09 +2.82) x 1073 (4.56 + 1.45) x 10*
LPLS447X (4.83£0.9)x10% | (474+1.68)x 102 | (5.80+1.10) x 10*
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