












proteins, ANGPTL3 and ANGPTL4 (12, 17). The acidic IDR within
GPIHBP1, the focus of the current studies, contributes to the reg-
ulation of plasma triglyceride metabolism at all three levels.
We now demonstrate that electrostatic steering boosts the en-

counter rate between GPIHBP1 and LPL, increasing the associ-
ation rate constant by >250-fold, a finding that is likely relevant to
the interactions between GPIHBP1 and LPL in the subendothelial
spaces. The acidic IDR in GPIHBP1 is the key factor in driving
the accelerated kinetics of LPL binding and almost certainly does
so by transient interactions with LPL’s basic heparin-binding re-
gions. Our SAXS analyses revealed that GPIHBP1’s acidic IDR
spans a relatively large conformational space (112 Å in diameter),
which likely augments its capacity to capture LPL within the
subendothelial spaces. We also documented the existence of a
hitherto unrecognized tyrosyl-O-sulfation near the center of
GPIHBP1’s IDR and showed that this modification slightly in-
creases the affinity of GPIHBP1–LPL interactions. We expect that
the combined impact of these biochemical properties renders
GPIHBP1 highly adept for extracting LPL from its HSPG-
tethered reservoir in the subendothelial spaces. The impor-
tance of GPIHBP1’s IDR in recruiting LPL to GPIHBP1 is
supported by the observation that full-length GPIHBP1 removes
LPL from heparin on SPR sensor chips, whereas GPIHBP134–131

does not. We speculate that GPIHBP1’s acidic IDR is crucial for
extracting LPL from the subendothelial spaces, explaining why
this domain has been so strongly conserved during mammalian
evolution.
With a view to LPL partitioning in the subendothelial spaces of

myocytes, we observed by confocal immunofluorescence micros-
copy that LPL accumulates in close proximity to the capillary en-
dothelial cells of heart and skeletal muscle even when GPIHBP1 is
absent. This finding implies directional movement of interstitial
LPL to capillary endothelial cells. The mechanism underlying di-
rectional movement to endothelial cells is unknown, but we suspect
that the mechanism involves the same general factors shaping the
concentration gradients of morphogens during tissue differentiation
and embryogenesis (34, 40, 41). In the latter process, the density
and sulfation profile of HSPGs are important factors, along with
extracellular processing of HSPGs by secreted endosulfatases (42).
In triglyceride metabolism, HSPGs were for many decades con-
sidered the primary binding site for LPL within the capillary lumen
(43), and there was little discussion of HSPGs in the subendothelial
spaces. Subsequent studies showed that GPIHBP1, not HSPGs, is
the binding site for LPL inside capillaries (4–6). Interestingly, those
same studies cast a spotlight on the relevance of subendothelial
HSPGs in LPL trafficking. In GPIHBP1-deficient mice, the newly
secreted LPL is not removed from the subendothelial spaces by
lymph drainage but remains bound, via a transient interaction with
HSPGs. The current studies add to our understanding of LPL in-
teractions within the interstitium. In GPIHBP1-deficient mice, LPL
associates preferentially with capillaries, implying that LPL moves
in a directional fashion from the HSPGs surrounding paren-
chymal cells to HSPGs near capillary endothelial cells. Collagen
XVIII and perlecan are the two major HSPGs found in vascular
basement membranes. We would not be surprised if collagen
XVIII plays a role in the directional movement of LPL toward
capillaries, because Col18a1−/− mice have increased plasma
triglyceride levels along with reduced transport of LPL to the
capillary lumen (44).
The LPL–GPIHBP1 complex in the capillary lumen is re-

quired for margination of TRLs along capillaries. This docking
process occurs despite vascular shear stress and resembles the

Fig. 5. Movement of LPL between HSPGs and GPIHBP1. (A) The distribution
of LPL in gastrocnemius muscle of wild-type and Gpihbp1−/− (KO) mice was
assessed by confocal immunofluorescence microscopy with antibodies
against LPL (green) and CD31 (red). Nuclei were stained with DAPI (blue). In
the wild-type mouse LPL was associated almost exclusively with capillary
endothelial cells. In the Gpihbp1-deficient mouse the LPL is mislocalized
within the interstitial spaces surrounding both myocytes and capillary en-
dothelial cells, but LPL appeared to bind preferentially to capillary endo-
thelial cells. (Scale bars, 20 μm.) (B) Competition of the GPIHBP1–LPL
interaction by defined heparin fragments (dp10) by MST. Heparin (red curve;
IC50 <14 nM), desulfated on the C2 oxygen of iduronate (green curve; IC50

59 ± 5 nM), desulfated on the C6 oxygen of glucosamine (blue curve; IC50

100 ± 10 nM), and desulfated on the C2 amine of glucosamine (orange
curve; IC50 980 ± 14 nM). (C) Mobilization of LPL from a high-density heparin
surface by the injection of 200 nM of various GPIHBP1 derivatives. After

1,000-s exposures of GPIHBP1 at a flowrate of 20 μL/min (gray line), different
levels of LPL remained on the heparin surface: 23.1% by GPIHBP11−131 (blue
curve); 27.3%by GPIHBP11−131; Y18F (red curve); and 97.0% by GPIHBP134−131 (black
curve). Although the difference between GPIHBP11−131 and GPIHBP11−131; Y18F

was modest (2.5 ± 1.6%), it was highly significant when comparing
10 consecutive runs with a paired t test (P < 0.001). Buffer control is shown
by the green curve.
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initial phase of leukocyte extravasation in the setting of in-
flammation. Here transient interactions between endothelial cell
P-selectin and the leukocyte mucin PSGL-1 cause rolling of
leukocytes along the vascular endothelium (45). Like GPIHBP1,
PSGL-1 contains an N-terminal IDR that is relatively acidic with
three sulfated tyrosines. Interestingly, the affinity of PSGL-1 for P-
selectin increases two- to fivefold by cooperative binding via its
sulfated tyrosine residues and an adjacent O-linked glycan (46,
47). This cooperativity is functionally important and translates into
more efficient leukocyte rolling (45). Whether any cooperativity
exists between marginated TRLs and the LPL–GPIHBP1 complex
on endothelial cells, and whether GPIHBP1’s IDR or its tyrosyl-
O-sulfate plays a role in this process, is unclear. However, it is
noteworthy that several of the apolipoproteins on the surface of
TRLs have heparin-binding motifs, and it is quite conceivable that
the fast binding kinetics that characterizes interactions between
GPIHBP1’s IDR and LPL also applies to interactions with TRL
apolipoproteins. It is easy to imagine a scenario in which the
formation of a ternary GPIHBP1–LPL–TRL complex constitutes
the functional unit for hydrolyzing the triglycerides within TRLs.
Circumstantial evidence supports this possibility (48–50).
Finally, we showed that the sulfate moiety on GPIHBP1 Tyr18

improves the capacity of GPIHBP1 to protect LPL against
ANGPTL4-mediated unfolding, thereby improving the protection
and longevity of the catalytic activity of GPIHBP1-bound LPL
within capillaries. Such functional importance suggests that the
sulfated tyrosine in GPIHBP1’s IDR could engage LPL in a
specific, albeit transient, interaction and thus act to preserve
the structural integrity of LPL. Evolutionarily conserved motifs

within IDRs are often functionally important (51), and the ty-
rosine sulfation in GPIHBP1 may represent one more example
of this correlation.
Posttranslational modification with tyrosine sulfate occurs in the

trans-Golgi network where two tyrosylprotein sulfotransferases,
TPST1 and TPST2, catalyze the sulfate transfer from an activated
donor. This molecule (3′-phosphoadenosine-5′-phosphosulfate) is
transported to the trans-Golgi from the cytosol by the solute carrier
family 35 member B2 (SLC35B2). It would therefore be interesting
to test if loss-of-function mutations in TPST or SLC35B2 are as-
sociated with increased plasma triglyceride levels. A genome-wide
CRISPER screen identified TPST2 and SLC35B2 as essential host
dependency factors for the entry of HIV, and this was causally
related to the tyrosine sulfation of CCR5 (52).
The current studies add substantially to our understanding of

the biochemistry and physiology of intravascular triglyceride
metabolism, but key mechanistic issues remain unsolved. For
example, how does ANGPTL4 catalyze an ATP-independent
protein unfolding regulating LPL activity? Also, how does
GPIHBP1 antagonize this unfolding? The answers are unknown,
but our studies would suggest that GPIHBP1’s IDR and its sul-
fated tyrosine play central roles in this process.

Materials and Methods
Purified Proteins and Synthetic Peptides. Recombinant and secreted versions
of human GPIHBP11–131/R38G and murine GPIHBP11–178 were produced in Dro-
sophila S2-cells as fusion proteins with an N-terminal human uPAR D3 tag (53)
and purified as described (17). Bovine LPL (bLPL) was purified from fresh bovine
milk (54). The coiled-coil domain of ANGPTL4 (residues 1–159 with an N-terminal

Fig. 6. SAXS analyses of GPIHBP1. (A) Concentration-normalized scattering profiles of GPIHBP11−33 with Tyr18–OH (2.6 mg/mL, black curve); Tyr18-OSO3 (3.8 mg/mL,
blue curve); or Tyr18–OPO3 (3.6 mg/mL, green curve). (B) Corresponding pair–distance distribution functions [p(r)]. (C) Kratky plot illustrating the high flexibility and
disorder of these peptides, which is best described by an ideal random-walk chain structure (58). (D) Heat-map representation of the flexibility in GPIHBP11−131

determined by HDX-MS (17), high exchange (red) to low exchange (blue). Black lines highlight sequences allowed to be flexible during EOM simulations of the SAXS
data. (E) SEC-SAXS scattering data for a truncated GPIHBP1 lacking the acidic domain (GPIHBP134−131, black circles) along with the scattering profile of a rigid
GPIHBP1 homology model (17) (CRYSOL; blue curve, χ2 4.6), a model allowing glycosylation flexibility (Allosmod; red curve, χ2 3.9), and a model allowing defined
peptide flexibility (EOM; green curve, χ2 2.4). The Inset shows models selected by 10 separate EOM analyses; a cartoon representation shows the nonvariable part of
GPIHBP134−131, and dots (residues 34–42 and 74–83) or spheres (118–131) show the variable parts. The position of Trp89, which is important for LPL binding, is shown
in a stick representation. (F) SEC-SAXS scattering data for full-length GPIHBP11−131 with fits to a rigid homology model (CRYSOL; blue curve, χ2 10.6) and 10 EOM
analyses (green curve, χ2 1.6). (G) Conformational ensembles selected for our current model of GPIHBP11−131 by the 10 separate EOMs. The illustration was prepared
by PyMOL (Schrödinger) using the same settings as in E except that the spheres show residues 1–42 and dots show residues 74–83 and 118–131.
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methionine and a C-terminal 6× His-tag) was produced in Escherichia coli (55). A
mouse monoclonal antibody against sulfotyrosine (mAb 1C-A2) was from Merck
Millipore. Defined heparan sulfate oligomers were from Iduron and are listed in
SI Appendix, Table S3.

Synthetic peptides representing various truncations andmodifications of the
N-terminal acidic domain of GPIHBP1 were obtained at a purity of >95% from
TAG-Copenhagen A/S and are listed in SI Appendix, Table S3. Peptides with
tyrosine sulfate modifications were prepared in-house by standard solid-phase
peptide Fmoc synthesis with orthogonal protection of sulfotyrosine residues
with a neopentyl-protected cassette [Fmoc–Tyr(OSO3nP)–OH] as described (56).
Quantitative derivatization of Tyr18 in GPIHBP11–33 with tyrosyl-O-sulfate was
verified by 1H-NMR (SI Appendix, Fig. S8). Due to the lack (or paucity) of ar-
omatic amino acids, peptide concentrations were determined by absorbance
at 214 nm using calculated molar extinction coefficients (57).

Kinetics of LPL–GPIHBP1 Binding Assessed by SPR. Reaction kinetics between
LPL and GPIHBP1 derivatives were measured with a Biacore T200 instrument
using a modified version of a previous protocol (17). In brief, we immobilized
an anti-LPL monoclonal antibody (5D2) on a CM4 chip and then captured
150 nM bLPL in 10 mM Hepes (pH 7.4), 300 mM NaCl, 4 mM CaCl2, 10% (vol/vol)
glycerol, 0.05% (vol/vol) surfactant P20, 1 mg/mL defatted BSA, 0.1 mg/mL car-
boxylmethyl dextran, and 0.05% (wt/vol) NaN3. This protocol kept the LPL cat-
alytically active and led to capture densities of 150 resonance units (RUs)
(approximately 3 fmol LPL/mm2). We used single-cycle kinetics to determine the
interaction between the captured LPL and the various GPIHBP1 derivatives in
10 mM Hepes (pH 7.4), 150 mM NaCl, 4 mM CaCl2, 0.05% (vol/vol) P20, 0.2 mg/mL
defatted BSA, and 0.05% (wt/vol) NaN3. This protocol included five con-
secutive injections of twofold dilutions of GPIHBP1 (ranging from 0.125–
2 nM and/or 0.25–4 nM) at a flowrate of 50 μL/min at 20 °C. At the end of
each cycle, two 10-μL injections of 20-mM H3PO4 regenerated the chip. The
recorded sensorgrams were double-buffer referenced, and the binding
rate constants were calculated by fitting the data to a simple bimolecular

interaction model with the mathematical model developed for single-cycle
kinetics (T200 Evaluation Software 3.0; GE Healthcare).

GPIHBP1-Mediated Mobilization of LPL from a High-Density HSPG Surface. To
create a surrogate high-density HSPG surface and thusmimic the conditions in
the subendothelial spaces, we captured well-defined biotinylated heparin
dp4 fragments (SI Appendix, Table S3) on a streptavidin-coupled CM5 sensor
chip. The reference surface contained the nonsulfated fragment M09 S00,
and the active surface contained M09 S08a with N- and O-6-sulfations
(Iduron). Only the sulfated oligosaccharide bound LPL, and this yielded
only weak and transient interactions. We chose to use very high surface
densities (300 fmol/mm2) of the two heparin fragments to enable the sur-
face confinement of LPL via a dominating mass transport limitation. In each
cycle, 100 nM LPL was loaded for 50 s at a flow rate of 50 μL/min in 10 mM
Hepes (pH 7.4), 150 mMNaCl, 4 mM CaCl2, 10% (vol/vol) glycerol, 0.05% (vol/vol)
surfactant P20, 1 mg/mL defatted BSA, 1 μM GPIHBP11–33:Tyr-OH, and 0.05%
(wt/vol) NaN3. The synthetic GPIHBP1 peptide stabilized the LPL-loading
sample during the SPR experiment, ensuring a uniform capture level. This
procedure resulted in capture levels of 13 fmol/mm2 LPL. The ability of
GPIHBP1 to bind and extract LPL from this reservoir was tested by injecting
200 nM of GPIHBP1 for 1,000 s at 20 μL/min in 10 mM Hepes (pH 7.4),
150 mM NaCl, 4 mM CaCl2, 10% (vol/vol) glycerol, 0.05% (vol/vol) surfac-
tant P20, 0.2 mg/mL defatted BSA, and 0.05% (wt/vol) NaN3. At the end of
each cycle, two consecutive injections of 10 μL 1-M NaCl and 3-M guani-
dinium chloride regenerated the chip.

Ethical Considerations. All mouse studies were approved by University of
California, Los Angeles (UCLA)’s animal research committee. Human plasma
samples were received at UCLA without identifiers and were therefore
deemed exempt from human use approval by UCLA.
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Fig. 7. Reactivity of GPIHBP1 autoantibodies purified
from a subject with the GPIHBP1 autoantibody syn-
drome. (A) A comparison of the predicted IDRs and
reactivity with MHC class II for GPIHBP1. Disorder pre-
diction was assessed by IUPred (59), and reactivity with
a MHC class II receptor (HLA-DRB1101 allele) was pre-
dicted by NetMHCIIpan version 3.1 (60) using a 15-mer
sequence window. The cyan boxes show the positions
of predicted secondary structure elements (β-strands).
(B and C) Definition of the domain reactivity of a
monoclonal antibody against humanGPIHBP1 (mAb RF4)
by single-cycle kinetics of twofold dilutions (2–32 nM) of
GPIHBP11−131 (red curve in B), GPIHBP11−45 (green curves
in B and C), GPIHBP134−131 (blue curve in B), GPIHBP127−44

(cyan curve in C), and GPIHBP127−44/R33M (blue curve in C).
(D) Single-cycle kinetics of 2–32 nM GPIHBP134−131 bind-
ing to Protein G–captured total IgG (2 μg/mL) isolated
either from a patient with GPIHBP1 autoantibody syn-
drome [patient 102 (15), red curve] or from a healthy
normolipidemic control subject (blue curve). The Inset
shows the level of Protein G–captured immunoglobulins,
and the box represents the GPIHBP1 binding segment,
which is enlarged in the main figure. Comparisons of
capture levels and the calculated binding capacities for
GPIHBP1 reveal that 2.2 ± 0.3% (n = 9) of the total IgG
fraction binds GPIHBP134−131. (E) Binding profiles for
affinity-purified GPIHBP1 autoantibodies to 2–32 nM
GPIHBP134−131 (red curve) or to GPIHBP11−45 (blue curve).
These studies showed that 78 ± 7% (n = 4) of the
affinity-purified IgG binds to GPIHBP134−131 (red curve),
whereas none of the autoantibodies binds to GPIHBP1’s
acidic IDR. Thin black lines in B–E show the kinetic fit of
the data to a 1:1 binding model.
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