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Lipoprotein lipase (LPL) plays a central role in triglyceride (TG)
metabolism. By catalyzing the hydrolysis of TGs present in TG-rich
lipoproteins (TRLs), LPL facilitates TG utilization and regulates
circulating TG and TRL concentrations. Until very recently, struc-
tural information for LPL was limited to homology models,
presumably due to the propensity of LPL to unfold and aggregate.
By coexpressing LPL with a soluble variant of its accessory protein
glycosylphosphatidylinositol-anchored high-density lipoprotein
binding protein 1 (GPIHBP1) and with its chaperone protein lipase
maturation factor 1 (LMF1), we obtained a stable and homoge-
nous LPL/GPIHBP1 complex that was suitable for structure de-
termination. We report here X-ray crystal structures of human LPL
in complex with human GPIHBP1 at 2.5-3.0 A resolution, including
a structure with a novel inhibitor bound to LPL. Binding of the
inhibitor resulted in ordering of the LPL lid and lipid-binding re-
gions and thus enabled determination of the first crystal structure
of LPL that includes these important regions of the protein. It was
assumed for many years that LPL was only active as a homodimer.
The structures and additional biochemical data reported here are
consistent with a new report that LPL, in complex with GPIHBP1,
can be active as a monomeric 1:1 complex. The crystal structures
illuminate the structural basis for LPL-mediated TRL lipolysis as
well as LPL stabilization and transport by GPIHBP1.
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Gs move through the bloodstream in TRL particles: very-

low-density lipoproteins (VLDLs) transport TGs produced
by the liver, and chylomicrons transport TGs produced by the in-
testines from dietary fat. LPL is expressed by TG-utilizing (heart
and skeletal muscle) and TG-storing (adipose) tissues and catalyzes
the hydrolysis of TGs present in TRL particles. The resulting free
fatty acids are taken up by the tissue and used as an energy source
(in the heart and skeletal muscle) or for energy storage (in adipose),
and the resulting TRL remnants are cleared from circulation by the
liver or, in the case of some VLDL remnants, further metabolized
into LDL by hepatic lipase (1). Hypertriglyceridemia (elevated
plasma TGs) is very common and is associated with an increased
risk of myocardial infarction and other adverse cardiovascular events
(2). Human gene variants that increase LPL activity are associated
with lower plasma TG levels and reduced risk of coronary artery
disease (3-7). A gain-of-function variant of LPL (S474X) that
moderately increases secretion of the protein without affecting its
catalytic activity is associated with lower circulating TG concentra-
tions and lower risk of coronary artery disease in humans (3). Loss-
of-function mutations in the LPL inhibitor proteins ANGPTL3 and
ANGPTIA are also associated with lower TGs and lower risk of
coronary artery disease in humans (3-7). These genetic association
studies highlight the potential for therapeutics that increase LPL
activity to lower the risk of cardiovascular events in the large
population of people with hypertriglyceridemia. A thorough
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understanding of the structure and regulation of LPL will facil-
itate efforts to develop such therapeutics.

Proper catabolism of TRL particles by LPL is dependent on the
accessory proteins LMF1 and GPIHBPI1. Loss-of-function muta-
tions in LMF1 and GPIHBP1 strongly impair LPL activity and
cause severe hypertriglyceridemia (8-10). LMF1 is an endoplasmic
reticulum-resident chaperone protein that is required for proper
folding and secretion of LPL (8). After LPL is secreted by paren-
chymal cells of the heart, muscle, and adipose tissue, it initially binds
to heparan sulfate proteoglycans (HSPG) in the subendothelial
space. LPL subsequently binds to GPIHBP1, a membrane-bound
protein expressed by capillary endothelial cells. GPIHBP1 trans-
ports LPL across the endothelial cell to the luminal side of
the capillary endothelium where LPL binds to TRL particles in
the bloodstream and catalyzes TRL-TG hydrolysis (10, 11). In the
absence of functional GPIHBP1, LPL accumulates in the sub-
endothelial space where it cannot interact with TRL particles (12).
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Structural homology modeling (13-15) and a recently reported
X-ray crystal structure of LPL bound to GPIHBP1 (16) indicate
that LPL has a similar overall structure as pancreatic lipase (PL)
and consists of a N-terminal catalytic domain (NTD) with an
a/p-hydrolase fold and a C-terminal domain (CTD) with a
B-sandwich fold (13-16). In contrast to PL, which is monomeric,
LPL has been reported to be homodimeric with a head-to-tail
orientation (15, 17-19). Furthermore, active LPL homodimers
have been reported to spontaneously dissociate into inactive
monomers (17, 19). In contrast, a new publication reevaluated
these findings and concluded that LPL and LPL in complex with
GPIHBPI1 can be active as a monomer (20). GPIHBP1 has two
domains—a N-terminal acidic domain in which most of the
amino acids are aspartate or glutamate (21 of 26 amino acids in
the human protein) and a three-fingered Ly6/uPAR (LU) do-
main. The LU domain is followed by a C-terminal GPI mem-
brane anchor attachment sequence (10). Recombinant GPIHBP1
with a C-terminal truncation that eliminates the GPI attachment
site [soluble GPIHBP1 (sGPIHBP1)] has been used to show that
GPIHBP1 binds to LPL with high affinity, stabilizes LPL against
spontaneous unfolding, and interferes with the ability of ANGPTL3
and ANGPTILA to inhibit LPL (21-23).

In this paper, we present crystal structures of LPL in complex
with sGPIHBP1. Our initial ligand-free crystal structures of the
LPL/sGPIHBP1 complex are very similar to the structure recently
reported by Birrane et al. (16), including the absence of most of the
lid and lipid-binding regions of LPL. We subsequently determined
the crystal structure of LPL/SGPIHBP1 with a novel inhibitor
bound in the LPL active site. With the inhibitor bound, the lid and
lipid-binding regions became ordered and visible in the structure,
thus providing the first complete crystal structure of LPL and
providing insight into how the lid and lipid-binding regions con-
tribute to TRL substrate recognition. Analysis of LPL-LPL con-
tacts in the crystal structures, enzyme activity data, and molecular
mass assessment by size exclusion chromatography coupled with
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multiangle light scattering (SEC-MALS) were consistent with the
newly published report that LPL can be active as monomer (20).

Results

Preparation of the LPL/sGPIHBP1 Complex. We initially expressed
human LPL using transiently transfected HEK293-F cells with
heparin added to the medium and purified LPL from the condi-
tioned medium by heparin affinity chromatography. LPL prepared
in this manner was obtained with low yield (~0.3 mg per liter of
culture), and SEC showed that the protein was aggregated. Al-
though this preparation of LPL was initially enzymatically active, it
completely lost activity after incubation at room temperature for
10 h (SI Appendix, Fig. S1). Since GPITHBP1 had been reported to
stabilize LPL (22, 23), we coexpressed His-tagged human LPL and
human sGPIHBP1 and, after purification by Ni** affinity chro-
matography followed by SEC, obtained a homogenous LPL/
sGPIHBP1 complex with low yield (~0.5 mg/L). Since LMF1 is
necessary for proper LPL folding in vivo, we next coexpressed
human LPL, sGPIHBP1, and LMF1 and after Ni** affinity chro-
matography followed by SEC obtained a homogenous LPL/
sGPIHBP1 complex with good yield (~6 mg/L). The enzyme ac-
tivity of the complex was eightfold higher than that of LPL purified
by heparin affinity chromatography, which could be due to the
ability of GPIHBP1 to prevent unfolding of the LPL hydrolase
domain (23) and aggregation and/or the different methods used to
purify free LPL and the LPL/sGPIHBP1 complex. Furthermore,
enzymatic activity was retained during incubation at room tem-
perature for 10 h (SI Appendix, Fig. S1). To further assess stability,
the LPL/sGPIHBP1 complex was immobilized on a surface plas-
mon resonance (SPR) chip via a biotin tag at the C-terminal end of
sGPIHBP1. No dissociation of LPL from sGPIHBP1 was observed
during incubation at room temperature for 8 h (SI Appendix, Fig.
S2), indicating that the complex has a very slow dissociation rate
under these conditions. When low-molecular weight heparin was
added at a concentration of 5 uM, dissociation of LPL from

GPIHBP1

Fig. 1. Crystal structures of LPL/sGPIHBP1 and LPL-2/sGPIHBP1. (A) Ligand-free LPL/sGPIHBP1 structure in space group C;2; showing the head-to-tail arrangement
of two LPL molecules in the asymmetric unit. The active site serine residue is represented with a space-filling model, and the bound Ca®* ion is represented by a
sphere. The N-terminal acidic domain of GPIHBP1 and portions of the lid and lipid-binding regions of LPL (indicated by dashed lines) are not visible in the crystal
structure. (B) Structure of the LPL-2/sGPIHBP1 complex in space group P242,2 in which two molecules of 2 are bound to the active site. Two of the four LPL/sGPIHBP1
complexes in the asymmetric unit are shown to illustrate the head-to-tail arrangement of LPL molecules. The LPL lid (highlighted in green) and lipid-binding region
(highlighted in blue) are visible in the crystal structure. As in the ligand-free structure, the N-terminal acidic domain of GPIHBP1 is not visible.
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Fig. 2. (A) The lid region of LPL (highlighted in blue) in the LPL-2/sGPIHBP1
structure. The active site serine residue is shown as a space-filling model, and
the lipid-binding region from the adjacent LPL molecule is highlighted in
green. (B) Alignment of LPL with PL with a focus on the lid region. PL is
shown in orange with its lid region highlighted in red.
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sGPIHBP1 was observed (SI Appendix, Fig. S2), which was con-
sistent with previous data showing that heparin and GPIHBP1 bind
competitively to LPL (24).

Crystal Structures of the LPL/sGPIHBP1 Complex. We obtained
crystals of the LPL/sGPIHBP1 complex produced in HEK293-F
cells but found that these crystals only diffracted to a resolution
of ~9 A. After expressing LPL/sGPIHBP1 in GnTI-deficient
HEK293-F cells (to limit glycosylation on LPL and sGPIHBP1),
we obtained crystals that diffracted to a resolution of 4.5 A. Sys-
tematic mutation of N-linked glycosylation sites on the complex
revealed that the primary glycosylation site on SGPIHBP1 (Asn78)
and a secondary glycosylation site (Asn82, which is glycosylated
only when Asn78 is mutated) could be mutated to aspartic acid
without affecting the expression yield or enzymatic activity. In
contrast, mutating either of the two N-linked glycosylation site as-
paragines on LPL to aspartic acid resulted in poor expression yields
and aggregated protein. The complex of wild-type LPL with non-
glycosylated sGPIHBP1(N78D/N82D) obtained by coexpression

using HEK293-F cells or GnTI-deficient HEK293 cells (to limit
glycosylation on LPL) yielded crystals that diffracted to a resolution
of up to 3.0 and 2.5 A, respectively, and provided datasets that led
to a structure solution.

The initial structure of the LPL/sGPIHBP1(N78D/N82D)
complex was determined at 3.0 A resolution from protein pro-
duced in HEK293-F cells, which crystallized in the P2,2,2 space
group (PDB ID code 60AZ). The structure was solved using the
molecular replacement method with a human PL crystal struc-
ture (PDB ID code 1lpa) (25) as the starting model for LPL and
the solution structure of human CD59 (PDB ID code 2j8b) (26)
as the starting model for GPIHBP1. There were four LPL/
sGPIHBP1 complexes in the asymmetric unit with a head-to-tail
orientation (SI Appendix, Fig. S3). One of the four sGPIHBP1
chains in the asymmetric unit had very poor electron density and
was modeled using noncrystallographic symmetry mates. A sec-
ond structure of LPL/sGPIHBP1 was determined at 2.5 A res-
olution using LPL/sGPIHBP1(N78D/N82D) complex produced
in GnTI-deficient HEK293 cells, which crystallized in the C;2;
space group (PDB ID code 60AU) (Fig. 14 and SI Appendix,
Fig. S4). There were two LPL/sGPIHBP1 complexes in the
asymmetric unit in the same head-to-tail orientation observed in
the first structure; the overall packing was similar for both
structures. The two structures are essentially identical, but the
C12, structure offers more details due to higher resolution. In
both structures, much of the tryptophan-rich lipid-binding region

10362 | www.pnas.org/cgi/doi/10.1073/pnas.1820171116

of LPL (residues 412-423), much of the lid region of LPL (res-
idues 243-266), and the entire N-terminal acidic domain of
GPIHBP1 (residues 21-61) are not visible in the electron density
map, indicating that these regions are conformationally flexible
in the crystals. These structures are very similar to that recently
reported by Birrane et al. (16) in which these regions of the
protein were also missing from the electron density map.

A third structure of the complex was obtained by soaking a novel
LPL inhibitor, compound 2, into the P2,2,2 crystals; this structure
had a resolution of 2.8 A (PDB ID code 60B0) (Fig. 1B and SI
Appendix, Fig. S5). We initially tried to soak or cocrystallize the LPL/
sGPIHBP1 complex with the known covalent inhibitors orlistat or
C11 alkyl phosphonate (PDB ID code 1lpb) (27), but these efforts
always resulted in ligand-free structures. By screening for com-
pounds that bind to the LPL/sGPIHBP1 complex, we identified 2
and showed that this compound binds to the complex with low af-
finity (Kp ~ 11 pM) and inhibits LPL enzyme activity (SI Appendix,
Fig. S6). In the LPL-2/sGPIHBP1 structure, two molecules of 2 are
bound in the active site with one molecule forming H-bonding in-
teractions with the active sites Ser159 and His268, whereas the
second molecule sits above the first (SI Appendix, Fig. S5). Binding
of 2 to LPL ordered both the lipid-binding and the lid regions such
that all of the previously unresolved residues of LPL were detected,
therefore this LPL-2/sGPIHBP1 structure is the first complete
crystal structure of LPL. Binding of 2 also improved the resolution
of diffraction past 3.0 A, yielding higher atomic detail. One of the
four sGPIHBP1 chains in the asymmetric unit, which previously had
poor electron density, was more ordered with proper density and
lower B factors compared with the other sSGPIHBP1 chains.

Architecture of the LPL-2/sGPIHBP1 Complex. The LPL NTD has an
a/p-hydrolase fold typical of lipases with one antiparallel and
seven parallel p strands sandwiched between flve a-helices and
has four disulfide bonds and one bound Ca®* atom; the LPL
CTD has eight antiparallel p-strands that form a f-sandwich and
one disulfide bond (Fig. 1B). The LPL NTD (residues 28-340)
includes the serine proteaselike catalytic triad (Ser159, Asp183,
and His268) (SI Appendix, Fig. S5B), the oxyanion hole (Trp82
and Leu160), and the lid region (residues 245-265). The lid is in
an open conformation (i.e., it is not occluding the active site) and
consists of two short a-helices connected by a loop (Figs. 1B and
2). The LPL CTD includes the GPIHBP1 binding site (Fig. 1B)
and the tryptophan-rich lipid-binding region (residues 412-422)
that contributes to TRL substrate recognition (28) (Figs. 1B and
3). A surface lipophilicity representation of LPL shows that the
lid and lipid-binding regions create hydrophobic patches on the
surface of LPL (Fig. 44). As reported by Birrane et al. (16), one
of the faces of the CTD f-sandwich and the adjacent region of

Fig. 3. The lipid-binding region (highlighted in green) of LPL in the LPL-2/
sGPIHBP1 structure. The lid region of the adjacent LPL molecule is high-
lighted in blue.
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Fig. 4. Surface representations of LPL in the LPL-2/sGPIHBP1 structure (compound 2 is not shown). (A) LPL lipophilicity surface. Green, violet, and white
shadings represent hydrophobic, hydrophilic, and neutral surfaces, respectively. (B) LPL electrostatic surface. Red, blue, and white shadings represent acidic

(negative), basic (positive), and neutral surfaces, respectively.

the NTD has a large positively charged surface (Fig. 4B) that is
the binding site for HSPG and the N-terminal acidic domain of
GPIHBP1 (which is disordered and not visible in the structure).
The LPL glycosylation sites Asn70 on the NTD and Asn386 on
the CTD show complete electron density for the first GIcNAc
and partial density for the second GlcNAc.

As noted above, the acidic N-terminal domain of sGPIHBP1
(residues 21-61) is disordered and not visible in the structure, which
is presumably due to dynamic interaction with the large basic patch
on the LPL CID and the adjacent region of the NTD. The
sGPIHBP1 three-fingered LU domain is a rather flat moiety with
four antiparallel p-strands stabilized by five disulfide bonds with one
face binding to the LPL CTD and the other solvent exposed (Figs.
1B and 4). The C-terminal LU domain of GPIHBP1 binds at an
angle to LPL via a protein—protein interface that buries a hydro-
phobic patch on LPL. The hydrophobic core of the LPL-GPIHBP1
interface is supported by a number of hydrogen bonds and salt
bridges (SI Appendix, Fig. S7 and Table S2).

LPL-LPL Contacts. Analysis of the buried surface area for LPL—
LPL protein—protein contacts by PISA (29) did not reveal an ob-
viously physiological protein—protein interface based on the rela-
tively small buried surface areas. In the ligand-free structures, the
LPL molecules adopt a head-to-tail arrangement in the asymmetric
unit with the amino acids Trp420 and Trp421 from the lipid-binding
region located in the active site of the neighboring molecule close
to Ser159 (Fig. 54). The protein—protein contacts in this region of
the protein (not including the missing residues in the lid and lipid-
binding regions) buried 860 A?, which correspond to 4.4% of the
total accessible surface area. Apart from the Trp420-Trp421 in-
teraction with the active site, the other notable LPL-LPL contact
was a head-to-head contact involving N-terminal residues 31-69
with a buried surface area of 600 A2, which corresponds to 3.2% of
the total accessible surface area. In the LPL-2/sGPIHBP1 structure,
the lipid-binding region is folded back, out of the active site of the
adjacent LPL molecule with two molecules of compound 2 bound
to the active site (Fig. 5B). In this structure, which includes all of the
lid and the lipid-binding region and in which Trp420 and Trp421
are displaced from the active site, the interfacial buried surface area
for the contacts in the vicinity of the active site and lid (not in-
cluding contacts with 2) was 1130 A, which was only 5.5% of the
total accessible surface area. In sum, evaluation of buried surface
areas for LPL-LPL interfaces in the ligand-free and 2-bound crystal
structures did not indicate the presence of an obviously physio-
logical LPL-LPL protein—protein interface.

Since analysis of LPL-LPL contacts in the crystal structures
did not reveal an obviously physiological protein—protein

Arora et al.

interface, we hypothesized that LPL, in complex with sGPIHBP1,
may exist in solution as a monomeric 1:1 complex rather than as a
homodimer 2:2 complex. To evaluate this hypothesis, we measured
the molecular mass of the LPL/sGPIHBP1 complex in solution
using SEC-MALS. The calculated molecular masses for the
monomeric 1:1 complexes Avi-Hiss-FLAG-LPL/sGPIHBP1 and
LPL/sGPIHBP1(N78D/N82D), assuming 2.0 kDa per N-linked
glycosylation site, were 75 and 69 kDa, respectively. The observed
molecular masses determined by SEC-MALS were 83 kDa for
Avi-Hisg-FLAG-LPL/sGPIHBP1 and 75 kDa for LPL/sGPIHBP1
(N78D/N82D), which were consistent with a 1:1 complex (Fig. 6 and
Table 1). Note that the molecular mass of LPL/sGPIHBP1 com-
plexes could not be accurately estimated from the SEC elution time
relative to standard proteins because LPL/sGPIHBPI1 interacted
with the SEC column (evidenced by the trailing left side of the
elution peak and the broadness of the elution peak) (Fig. 6).

Discussion

Despite the central role of LPL in the lipoprotein metabolism
and despite having been first studied more than 50 y ago, until
very recently (16), structural information about LPL was limited
to homology models (15), presumably due to the tendency of
purified LPL to unfold and aggregate. Although LPL can be
stabilized by binding to heparin (22), no experimentally determined
structures of LPL bound to heparin have been reported. In 2007, it
was discovered that GPIHBP1 is essential for proper lipolytic
processing of TRLs and that GPIHBP1 binds to LPL (30). It
was also discovered that LPL activity in vivo depends on the
endoplasmic reticulum-resident chaperone protein LMF1 (31).

Fig. 5. (A) Detail of the head-to-tail interaction between adjacent LPL
molecules in the ligand-free LPL/sGPIHBP1 structure in space group C;2,. (B)
In the LPL-2/sGPIHBP1 structure, binding of 2 to the active site displaces
Trp420 and Trp421 from the active site of the neighboring LPL molecule.
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Fig. 6. SEC analysis of the LPL/sGPIHBP1 complex. The elution peak for Avi-
Hisg-FLAG-LPL/sGPIHBP1 (in black) is overlaid with the elution peaks for
BioRad gel filtration standards (in blue). The results of MALS analysis of
these elution peaks are shown in Table 1.

Subsequent work showed that GPIHBP1 could stabilize LPL from
unfolding and inhibition by the endogenous inhibitor proteins
ANGPTLA and ANGPTL3 (21-23). By coexpressing LPL, LMF1,
and sGPIHBP1 in HEK293-F cells, we obtained a stable, homog-
enous, and enzymatically active LPL/sGPIHBP1 complex. Al-
though wild-type LPL/sGPIHBP1 crystals did not diffract to high
resolution, crystals of the complex of wild-type LPL with non-
glycosylated sGPIHBP1 (obtained by expression in HEK293-F cells
or GnTI-deficient HEK293-F cells) diffracted well and enabled
determination of X-ray crystal structures of the complex at 2.5-3.0
A resolution, including a structure with the novel inhibitor 2 bound
in the active site of LPL. In their recently reported crystal structure
of the LPL/sGPIHBP1 complex (16), Birrane et al. used a different
approach to prepare the complex: they prepared LPL and
sGPIHBP1 separately (LPL was coexpressed with LMF1 in CHO
cells, and sGPIHBP1 was expressed in Drosophila S2 cells) and then
combined the proteins to generate the complex.

The ligand-free crystal structures of the LPL/sGPIHBP1 complex
reported here (Fig. 14 and SI Appendix, Fig. S3) are very similar to
the structure recently reported by Birrane et al. (16), including the
head-to-tail arrangement of LPL molecules in the asymmetric unit.
As in the structure of Birrane et al., in the ligand-free structures
reported here electron density is missing for much of the lid and
lipid-binding regions of LPL as well as the N-terminal acidic do-
main of GPIHBP1, indicating that these regions can adopt multiple
conformations in the crystal. However, we were able to detect part
of the lipid-binding region (Asp419-Ser422) and directly observe
the interaction of Trp420 and Trp421 with the active site of the
adjacent LPL molecule in the asymmetric unit (Fig. 54), whereas
Birrane et al. inferred this interaction by modeling likely confor-
mations of the lipid-binding region.

The structure reported here with 2 bound in the active site of
LPL is the first LPL crystal structure that includes electron
density for all of the lid and lipid-binding regions (Figs. 1B, 2,
and 3). The lid region of PL has been shown by X-ray crystal-
lography to undergo a conformational change between a closed
conformation in which the active site is blocked by the lid and an
open conformation in which the substrates can access the active
site (25). The lid region of LPL has a similar length as that in PL
and presumably can also adopt closed and open conformations.
In the LPL-2/sGPIHBP1 structure, the lid is in an open con-
formation and has a similar secondary structure as the open lid in
a crystal structure of PL, consisting of two short a-helices con-
nected by a loop (Fig. 2) (25). However, the lid in the LPL
structure extends away from the protein whereas the lid in the
PL structure is folded back against the protein (Fig. 2B). A
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mutagenesis study of the LPL lid region revealed that re-
placement of the 22-amino acid lid with a four-amino acid linker
resulted in a mutant LPL that could efficiently hydrolyze a sol-
uble substrate, whereas enzyme activity with an insoluble tri-
glyceride emulsion substrate was completely abolished (32).
Based on these data, it was proposed that the interaction be-
tween the lid and the lipoprotein substrates may be an important
contributor to substrate recognition by LPL. Consistent with a
role in lipoprotein substrate recognition, we observed that the
open lid in the LPL-2/sGPIHBP1 structure has a number of
surface-exposed hydrophobic residues (Ile245, Ile249, Val251,
Ile252, Leu257, Val-260, Leu263, and Val264) (Fig. 24) that
create a hydrophobic patch on the surface of LPL (Fig. 44). The
tryptophan-rich lipid-binding region of LPL has been implicated
in the recognition of TRL substrates by LPL. When Trp420 and
Trp421 in the lipid-binding region were simultaneously mutated
to alanine, LPL was still able to efficiently hydrolyze a water-
soluble substrate but retained only 6% activity relative to wild-
type LPL with an emulsified lipid substrate (28). Consistent with
a role in the recognition of lipoprotein substrates, the lipid-
binding region has five surface-exposed hydrophobic residues
(Tyr414, Phe415, Trp4l7, Trp-420, and Trp421) (Fig. 3) that
create a second surface hydrophobic patch (Fig. 44). The hy-
drophobic surface patches created by the open lid and the lipid-
binding region are on the same face of LPL as the active site (Fig.
4A4), which may enable LPL to bind to TRL substrates with an
orientation that facilitates delivery of TRL-TG to the active site.
For many years it was generally believed that LPL is only ac-
tive as a homodimer and that the dimer subunits are arranged in
a head-to-tail orientation (15, 17-19). However, a new publica-
tion revisited this assumption and used analytical ultracentrifu-
gation to show that LPL in the absence of heparin or LPL in
complex with GPIHBP1 can be active as a monomer (20). The
crystal structures, enzyme activity data, and SEC-MALS data
reported here are consistent with the new report. A head-to-tail
orientation of LPL molecules was observed in the crystal struc-
tures reported here (Fig. 1) and in the structure recently
reported by Birrane et al. (16). In addition, Birrane et al. (16)
reported data from small-angle X-ray scattering (SAXS) analysis
of LPL/sGPIHBP1 in solution that was consistent with a homodi-
meric 2:2 complex. However, several considerations suggested to us
that the head-to-tail orientations seen in the crystal structures may
be due to crystal packing interactions rather than a physiologically
relevant protein—protein interface. First, in the unliganded crystal
structures, the LPL active site is blocked by the lipid-binding region
of the adjacent LPL molecule (Figs. 14 and 54) (we observed this
interaction directly, whereas Birrane et al. inferred it by modeling
likely conformations of the lipid-binding region), which argues

Table 1. Molecular mass of the LPL/sGPIHBP1 complex in
solution assessed by SEC-MALS

Calculated or Mass determined

actual mass by SEC-MALS

Analyte (kDa) (Mw, kDa)
Avi-Hisg-FLAG-LPL/sGPIHBP1 75* 83
LPL/sGPIHBP1(N78D/N82D) 69* 75
Standards:

Thyroglobulin (bovine) 670" 724

y-Globulin (bovine) 158" 193

Ovalbumin (chicken) 44" 59

Myoglobin (horse) 177 31

Vitamin B12 1.3 1.1

*Calculated mass for a 1:1 complex, assuming 2.0 kDa per N-linked
glycosylation site.
Stated molecular masses for Bio-Rad gel filtration standards.
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against this being an enzymatically active homodimer. Birrane
et al. (16) suggested that the homodimer in their crystal structure
is an inactive conformation of LPL and that flexibility of the
lipid-binding region (evidenced by the poorly defined electron
density) may allow the lipid-binding region to be displaced from
the active site upon substrate binding. In the crystal structures
reported here, we did observe that, when the inhibitor 2 binds to
LPL, the lipid-binding region is displaced from the active site
(Fig. 5). However, the lipid-binding region displacement mech-
anism proposed by Birrane et al. contrasts with the canonical
mechanism for lipases according to which accessibility of sub-
strates to the active site is regulated by movement of the lid
region (25). Second, our analysis of LPL-LPL contacts in the
unliganded and 2-bound crystal structures did not reveal an
obviously physiologically relevant protein—protein interface
based on the relatively small buried surface areas. Third, and
most convincingly, SEC-MALS analysis indicated a molecular
mass for the LPL/sGPIHBP1 complex in solution that was con-
sistent with a 1:1 complex (Fig. 6 and Table 1). It is not clear why
the SAXS data reported by Birrane et al. (16) was consistent with
a 2:2 complex in solution; one possibility is that the relatively
high protein concentration used for the SAXS experiment
resulted in the formation of a weakly associated homodimeric 2:2
complex. With respect to enzyme activity, we observed that LPL/
sGPIHBP1 had robust enzyme activity after SEC purification
(i.e., the enzyme activity of the complex was eightfold higher
than that of free LPL purified by heparin affinity chromatogra-
phy) (SI Appendix, Fig. S1). In addition, the enzyme activity of
the complex and the complex itself were very stable (SI Appendix,
Figs. S1 and S2). Based on these observations, we think it is
reasonable to assume that, in the SEC-MALS experiment, the
LPL/sGPIHBP1 that eluted from the SEC column (Fig. 6) with
molecular mass determined by MALS consistent with a monomeric
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1:1 complex (Table 1) was still enzymatically active. In sum, the
crystal structures, enzyme activity data, and SEC-MALS data
reported here are consistent with the new report that LPL, in
complex with GPIHBP1, can exist as an enzymatically active 1:1
complex (20) and, therefore, help to overturn the long-standing
assumption in the field that LPL is only active as a homodimer.

Materials and Methods

Human LPL/sGPIHBP1complexes were obtained by coexpressing His-tagged
LPL, sGPIHBP1, and LMF1 in HEK293 freestyle suspension cells (wild-type or
GnTI deficient) and purified from the medium by Ni** affinity chromatog-
raphy followed by SEC. Crystals in the P2,2,2 and C;2; space groups were
obtained in 0.15 M calcium acetate and 18% PEG3350, in 0.2 M sodium
malonate, 20% (vol/vol) PEG3350, and 4% (vol/vol) 2-propanol, respectively.
Diffraction data were collected at the Advanced Photon Source beamline
17ID. The P242,2 structure was obtained by molecular replacement using the
NTD and CTD of human PL (PDB ID code 1lpa) and human CD59 (PDB ID code
2j8b). The C;2; and compound-bound structures were obtained by rigid
body refinement using the initial structure solution. SPR was performed
using a Biacore T200 instrument. SEC-MALS was conducted using a GE
Superdex 200 10/300GL Increase column in line with a light scattering de-
tector (Wyatt Treos/OptilabRex). Lipase activity was measured using the
EnzChek lipase substrate. A detailed description of materials and methods
can be found in the S/ Appendix.
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