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The intravascular processing of triglyceride-rich lipoproteins de-
pends on lipoprotein lipase (LPL) and GPIHBP1, a membrane protein
of endothelial cells that binds LPL within the subendothelial spaces
and shuttles it to the capillary lumen. In the absence of GPIHBP1, LPL
remains mislocalized within the subendothelial spaces, causing
severe hypertriglyceridemia (chylomicronemia). The N-terminal do-
main of GPIHBP1, an intrinsically disordered region (IDR) rich in
acidic residues, is important for stabilizing LPL's catalytic domain
against spontaneous and ANGPTL4-catalyzed unfolding. Here, we
define several important properties of GPIHBP1's IDR. First, a con-
served tyrosine in the middle of the IDR is posttranslationally mod-
ified by O-sulfation; this modification increases both the affinity of
GPIHBP1-LPL interactions and the ability of GPIHBP1 to protect LPL
against ANGPTL4-catalyzed unfolding. Second, the acidic IDR of
GPIHBP1 increases the probability of a GPIHBP1-LPL encounter via
electrostatic steering, increasing the association rate constant (ko)
for LPL binding by >250-fold. Third, we show that LPL accumulates
near capillary endothelial cells even in the absence of GPIHBP1. In
wild-type mice, we expect that the accumulation of LPL in close prox-
imity to capillaries would increase interactions with GPIHBP1. Fourth,
we found that GPIHBP1’s IDR is not a key factor in the pathogenicity
of chylomicronemia in patients with the GPIHBP1 autoimmune syn-
drome. Finally, based on biophysical studies, we propose that the
negatively charged IDR of GPIHBP1 traverses a vast space, facilitating
capture of LPL by capillary endothelial cells and simultaneously con-
tributing to GPIHBP1’s ability to preserve LPL structure and activity.

hypertriglyceridemia | electrostatic steering | intrinsically disordered
region | intravascular lipolysis | autoimmune disease

Lipoprotein lipase (LPL) is the central and rate-limiting en-
zyme for the intravascular lipolytic processing of triglyceride-
rich lipoproteins (TRLs). The intravascular hydrolysis of tri-
glycerides releases lipid nutrients for vital tissues (e.g., heart,
skeletal muscle, adipose tissue) (1-3). Parenchymal cells (e.g.,
myocytes and adipocytes) synthesize LPL and secrete it into the
interstitial spaces, but LPL’s site of action is within the capillary
lumen. The secreted LPL is retained in the interstitium, where it
forms a dynamic reservoir via transient interactions with heparan
sulfate proteoglycans (HSPGs). A membrane protein of capillary
endothelial cells, glycosylphosphatidylinositol-anchored high-
density lipoprotein binding protein 1 (GPIHBP1), captures
LPL from the interstitial spaces and shuttles it across endothelial
cells to the capillary lumen (4-6). Having reached the capillary
lumen, the LPL-GPIHBP1 complex is the key functional unit for
TRL processing, mediating both the docking of circulating TRLs to
capillary endothelial cells (5) and the rapid hydrolysis of their
triglyceride content (7). The resistance of LPL-GPIHBP1 com-
plexes to inactivation by physiologic inhibitors [e.g., angiopoietin-
like (ANGPTL) proteins 3, 4, and 8] serves to focus catalytically
active LPL along the capillary lumen (8-13).
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A wealth of genetic and experimental evidence highlights the
importance of LPL and GPIHBP1 in maintaining normal plasma
triglyceride levels. Homozygous or compound heterozygous loss-
of-function mutations in LPL or GPIHBPI cause severe hyper-
triglyceridemia (familial chylomicronemia) (1, 2). This syndrome is
associated with life-threatening bouts of acute pancreatitis (1). Also,
mice with a deletion of Gpihbpl (Gpihbpl™™) or mice harboring a
Gpihbpl missense mutation known to cause disease in humans
(Gpihbp1%3Y<%3Y) develop severe chylomicronemia (4, 14). In these
mouse models, LPL remains confined within the interstitial spaces,
never reaching the capillary lumen. Recent studies have shown that
autoantibodies against GPIHBP1 cause some cases of acquired chy-
lomicronemia (GPIHBP1 autoantibody syndrome) (15). GPIHBP1
autoantibodies bind to GPIHBP1 and block LPL binding, thereby
abolishing the formation of the key functional unit (GPIHBP1-LPL)
required for triglyceride hydrolysis within capillaries (15, 16).

To orchestrate the assembly of this functional unit, GPIHBP1
evolved unique structural properties (2). Despite being a rela-
tively small protein (131 residues), GPIHBP1 is highly asym-
metrical with an N-terminal intrinsically disordered region (IDR)
rich in acidic residues, a disulfide-rich core Ly6/uPAR (LU)
domain, and a short C-terminal region that tethers the protein to
the cell membrane via a glycolipid anchor (2, 17). This multifaceted
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structure plays different roles in the regulation of LPL activity in
the capillary lumen. The folded LU domain is responsible for the
formation of a stable complex with LPL, while the IDR stabilizes
the hydrolase domain of LPL against spontaneous unfolding (12,
17). Nonetheless, only full-length GPIHBP1—and not the LU
domain or the N-terminal IDR alone—efficiently protects LPL
against ANGPTLA-catalyzed unfolding (12).

The concept that IDRs can regulate cellular functions via spe-
cific interactions emerged from studying intracellular proteins
involved in cell signaling and nucleic acid binding (18). In this
setting, specific phosphorylations in IDR sequences altered pro-
tein dynamics, adding a regulatory switch to IDR function (19, 20).
The current study brings this concept—that IDRs can mediate
specific protein interactions—into the realm of intravascular tri-
glyceride metabolism (12, 17). First, we demonstrate that a con-
served tyrosine within GPIHBP1’s acidic IDR undergoes O-
sulfation and that this modification affects LPL interactions and
LPL stability. Second, we investigate the importance of the N-
terminal acidic IDR for LPL binding, for stabilizing LPL activ-
ity, and for capturing LPL from the pool of HSPG-associated LPL.
within the subendothelial spaces. Finally, we assess the relevance
of GPIHBP1’s acidic IDR to the GPIHBP1 autoantibody syn-
drome, in which autoantibodies against GPIHBP1 block LPL
binding and lead to severe chylomicronemia (15).

Results

Posttranslational Modifications of Human GPIHBP1. A secreted ver-
sion of human GPTHBP1'™"*! was purified from the medium of
transfected Drosophila S2 cells (17). The molecular mass of the

principal protein species was 15,722.6 Da as determined by mass
spectrometry (Fig. 14, Inset). Posttranslational modifications
accounted for 1,119 Da. N-glycanase treatment revealed that the
GPIHBP1 contained one N-linked glycan (Fig. 14), a typical
biantennary glycan (21, 22) attached to Asn’® (SI Appendix, Fig. S1).

GPIHBP1 Carries a Tyrosyl-O-Sulfate Modification. After subtract-
ing the mass of the N-linked glycan (1,038.96 Da), the mass of
GPIHBP1 remained 80 Da greater than expected. This difference
is compatible with one phosphorylation or sulfation. Only a minor
fraction of GPIHBP1 lacked the 80-Da modification (Fig. 14, In-
set). The only posttranslational modification in a truncated human
GPIHBP1 lacking the N-terminal acidic IDR (GPIHBP1**'3")
was the N-linked glycan (Table 1), strongly suggesting that the
80-Da modification is located within the first 33 residues of
GPIHBP1. We verified that assignment by showing that the
modification was present in a GPIHBP133 peptide released from
full-length human GPIHBP1 with trypsin (Table 1). Peptide pro-
filing narrowed the possible modification sites to residues 10-21,
and Tyr'® was the only hydroxy-amino acid in that segment. To
determine if Tyr'® was indeed the modification site, we created a
GPIHBP1 mutant in which Tyr'® was replaced by phenylalanine
(GPTHBP1'3Y18F) " This single amino acid substitution elimi-
nated the 80-Da modification in GPIHBP1 gTable 1).

Several lines of evidence showed that Tyr'® in GPIHBP1 carries
a sulfate rather than a phosphate. First, phosphorylated, but not
sulfated, versions of GPIHBP1'™* peptides were sensitive to
phosphatase (SI Appendix, Fig. S2 A-D), and GPIHBP1'~* that
had been released from GPIHBP1'™3! with trypsin was resistant
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Fig. 1. Posttranslational modifications of recombi-
nant human GPIHBP1. (A) Human GPIHBP1'~"*! pro-
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and Coomassie blue staining (nonreduced, lane 1; re-
duced and alkylated, lane 2). Mass spectra are shown
. for intact GPIHBP1 before (Inset) and after N-glycanase
treatment under native conditions, which reduces the
molecular mass by 1,038.5 Da corresponding to one
paucimannosidic N-glycan with a core fucose
(Man3GIcNAC;Fuc), the archetypical insect cell glycan
(21). The asterisks indicate the loss of 17 Da due to
the formation of pyroglutamate at the N-terminal
A glutamine in human GPIHBP1. (B) Sensorgrams show-
ing the interactions between immobilized anti-
sulfotyrosine mAb 1C-A2 (1,280 RU) and GPIHBP1'~"*!
i (blue curve), GPIHBP1'~"*"Y18F (green curve), and buffer
(black curve). The SPR sensorgrams were recorded with
a BiacoreT200 instrument and are shown for sequential
injections of twofold dilutions of GPIHBP1 from 125 nM
to 2 pM without intervening regenerations. The affinity
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between GPIHBP1'"'*" and mAb 1C-A2 was 5.4 pM
(determined from several runs up to 16 pM GPIHBP1;
see Inset).
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Table 1. Mass spectrometry characterization of GPIHBP1

GPIHBP1 Mass, Da Recorded mass, Da Amass, Da
1-131 14,603.66 15,722.6 80.1
15,642.2 -0.4
1-1319e9 14,604.64 14,684.1 79.5
34-131 10,579.91 11,619.2 0.3
1-131Y78F 14,587.66 15,627.0 0.1
1-33 4,039.48 4,119.41* 79.93

Protein masses were recorded on a Synapt G2 mass spectrometer (Wa-
ters), and the average molecular masses were calculated by MaxEnt decon-
volution. The mass difference (A mass) was calculated after subtracting the
mass of the glycan on Asn® (1,038.96 Da). Note: both GPIHBP1 and GPIHB-
PY'8F contain the R38G mutation to increase protein purification yields.
*The monoisotopic mass for GPIHBP1'~33, released from intact GPIHBP1 by
trypsin, was calculated from the (M+4H)** charge state.

to phosphatase (SI Appendix, Fig. S2 E and F). Second, a mono-
clonal anti-Tyr-OSOj3 antibody (1C—A2? S%Sg bound to purified
GPIHBP1'%! but not to GPIHBP1'"*"Y'®F (Fig 1B). Third,
Sulfinator (24) and GPS-TSP (25) programs identified Tyr'® as a
likely sulfation site (SI Appendix, Fig. S3).

Alignments of GPIHBP1 sequences from different phylogenetic
orders of Mammalia revealed an N-terminal IDR that was in-
variably present and enriched in acidic residues, although the amino
acid sequence varied considerably (SI Appendix, Fig. S3). The
tyrosyl-O-sulfation site (i.e., Tyr'® in mature human GPIHBP1) was
largely invariant, with only a few exceptions (e.g., members of the
Equidae family). To determine if the conserved tyrosine was sul-
fated in the GPIHBP1 of other mammalian species, we expressed
mouse GPIHBP1, excised the acidic peptide with trypsin, and then
confirmed by mass spectrometry that the acidic peptide was sul-
fated (SI Appendix, Fig. S2 G and H).

Stoichiometry and Affinity of LPL Binding to GPIHBP1. To define the
stoichiometry of the LPL-GPIHBPI interaction, we incubated
3 uM LPL with increasing concentrations of intact GPIHBP1'~*! or
the disordered polypeptide GPTHBP1'™ (at concentrations above
the Kj). We chose native PAGE to assess LPL-GPIHBP1 complex
formation because of the large differences in pl values and molec-
ular masses of the two proteins (9.5 and 50.5 kDa, respectively, for
LPL vs. 4.1 and 15.7 kDa, respectively, for GPIHBP1). The titration
resulted in the formation of an LPL-GPIHBP1 complex with a
distinct electrophoretic mobility (Fig. 2). Scanning of Coomassie
blue-stained bands revealed that the stoichiometry of the LPL~-
GPIHBP1 complex was 1:1, regardless of whether the titra-
tions involved GPIHBP1'""*! (Fig. 24), GPIHBP1'>® (Fig.
2B), or GPTHBP1'"*Y18F (Fig 2().

To assess the impact of tyrosyl-O-sulfation on the kinetics of LPL
binding, we measured the association (k.,) and dissociation (ko)
rate constants between GPIHBP1 in solution and LPL captured on
the LPL-specific monoclonal antibody 5SD2. Using surface plasmon
resonance (SPR) and single-cycle kinetics, we found that the rate
constants for GPIHBP1'™*! and 5D2-captured LPL were fast i.e.,
kon >10" M™' 57! (Fig. 2D). A parallel analysis of GPTHBP1'~!/Y18F
revealed a threefold increase in Ky, a consequence of changes in both
kon and kg (Fig. 2E). This difference persisted when the rate con-
stants were measured on different days with different protein prep-
arations and different sensor chips (Table 2).

To confirm this finding with an orthogonal method, we used
microscale thermophoresis (MST) to assess the impact of Tyr'®
modifications on the capacity of synthetic GPIHBP1'~> peptides
to inhibit equilibrium binding between LPL and GPTHBP1'~'*!
(Fig. 2F). In keeping with the SPR results (Fig. 2 D and E), the
inhibitory potential was greatest for GPIHBP1'® peptides
in which Tyr'® was sulfated or phosphorylated (ICsq 0.3 pM) and
lower for peptides containing unmodified Tyr'®, Phe'®, or Glu'®
(ICS() 0.6-0.7 }lM)
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The impact of GPIHBP1’s acidic IDR on LPL binding is best
illustrated by the fact that the LPL-GPIHBP1 encounter rate
is >250-fold greater with GPTHBP1' ™! (k,, 2.5 x 10’ M~' s71)
than with a truncated GPIHBP1**"%! (k,, 0.008 x 10’ M~ s71).
This difference represents a conservative estimate, given that
mass-transport limitations is more pronouncedly slowing inter-
actions driven by very fast k., in SPR analyses. Extrapolation
from experiments conducted at higher ionic strengths suggested
that the actual k., for the GPIHBP1''*!_LPL interaction is at
least 10-fold faster (i.e., 3 x 10> M~ s7") at 150 mM NaCl (Fig.
2G). It is likely that electrostatic forces between charged surfaces
drive this fast association rate (i.e., the acidic IDR in
GPIHBP1 and the basic heparin-binding motifs in LPL) (26).
Increasing ionic strength increases Ky primarily by decreasing
kon, With only a minor impact on k. (Fig. 2G and Table 2); these
effects are a hallmark of interactions controlled by electrostatic
steering (27, 28).

Protecting Against ANGPTL4-Catalyzed LPL Unfolding with GPIHBP1.
We showed previously that the N-terminal acidic IDR in GPIHBP1
protects LPL from spontaneous and ANGPTLA-catalyzed unfold-
ing and inactivation (12, 17). To measure the relevance of the
Tyr'®-0S0O; modification in this process, we used the same
pulse-labeled hydrogen—-deuterium exchange/mass spectrome-
try (HDX-MS) protocol that we developed to assess LPL
unfolding (12, 17). In brief, 10 pM LPL was incubated with
2 uM ANGPTL4'™"? for 10 min at 25 °C in protiated solvents
followed by a 10-s pulse labeling in 70% D,O. Based on the
bimodal isotope envelopes for LPL peptide 131-165, we found
that free LPL undergoes extensive (>85%) unfolding under these
conditions (12, 17). Including 30 pM GPIHBP1'~**' during the
LPL/ANGPTLA incubation reduced LPL unfolding to 8 + 2%.
Under identical conditions, the protection provided by 30 pM
GPIHBP1'?"Y18F was blunted (14 + 1% unfolding of LPL)
(Fig. 34). GPIHBP1'~** peptides alone provided much lower
degrees of 3Erotec‘tion (12), but there was a similar trend:
GPIHBP1'® peptides that were sulfated or phosphorylated
were more potent in protecting LPL from ANGPTL4-mediated
unfolding (Fig. 3B). Because these experiments were conducted
at concentrations far exceeding the K4 for GPIHBP1-LPL in-
teractions, our results suggest that O-sulfation of Tyr'® assists in
protecting LPL against ANGPTLA4-catalyzed unfolding.

When we measured the catalytic activity of LPL in the setting
of more physiological concentrations of LPL, the effects of the
Tyr'8-0S0; modification were also apparent. Incubating 15 nM
LPL with 15 nM ANGPTLA4 in the absence of GPIHBP1 po-
tently inactivated LPL, leaving only 8 + 3% residual LPL activity.
When 15 nM GPIHBP1'~"*" was included in the incubation, LPL
activity was protected (38 + 2% residual activity). When we used
15 nM GPIHBP1'"P"Y18F  protection of LPL was diminished
(22 + 3% residual activity) (Fig. 3C). Two factors are likely to
contribute to the reduced efficiency of GPIHBP1'13V/Y18F
in protecting LPL: (i) a weaker affinity for LPL and (i) atten-
uated protection of LPL from the absence of the sulfated tyro-
sine within the acidic IDR (Fig. 34). We suspect that the latter
effect is dominant because we also observed significant differ-
ences in the ability of GPTHBP1' ! and GPIHBP1'~?V/Y18F 1o
protect LPL when those proteins were added to the incubation
mixture at concentrations as high as 300 nM (82 + 2% with
GPIHBP1'™*! vs. only 71 + 3% with GPTHBP1'~"3"/Y!8F),

Transitioning of LPL from an HSPG-Bound State to a Complex with
GPIHBP1. GPIHBP1-mediated extraction of LPL from interstitial
HSPG binding sites represents an important step in the transit of
LPL to the capillary lumen (6). Earlier confocal immunofluo-
rescence microscopy studies on tissues from wild-type mice
showed that GPIHBP1 and LPL are present at the apical (lu-
minal) and basolateral surfaces of capillaries, whereas the LPL in
Gpihbpl™~ mice never reaches the capillary lumen and instead
remains bound to HSPGs in close proximity to the surface of
cells, including both parenchymal and endothelial cells (2, 6). We

Kristensen et al.
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Fig. 2. Binding stoichiometry and affinity of LPL-GPIHBP1 complexes. (A-C) The binding stoichiometry between LPL and GPIHBP1 was determined by native
PAGE titrating 3 pM LPL (lane 2) with increasing amounts of GPIHBP1 ligand (range, 0.5-5.0 pM) (lanes 3-11). The relative amounts of LPL-GPIHBP1 complexes
(marked by asterisks) were determined by scanning the Coomassie blue-stained bands and are superimposed as black diamonds. Data for GPIHBP1'~"*" and
GPIHBP1'~33 (both with Tyr'®-0505) and GPIHBP1'~'3"Y'8F are shown in A-C, respectively. (D and E) Single-cycle kinetics with SPR for the interactions be-
tween LPL captured on mAb 5D2 and twofold dilutions of GPIHBP1'~"3' (D) or GPIHBP1'~'3"¥'8F (£). Shown are two single-cycle runs of five
GPIHBP1 concentrations ranging from 0.125-2 nM (red curves) or 0.25-4 nM (green curves). Data were fit to a simple bimolecular interaction (black curves)
with the derived kinetic constants and the residuals shown beneath the sensorgrams. (F) Inhibitory capacity of synthetic GPIHBP1'~33 peptides on the LPL-
GPIHBP1'~"3" interaction as assessed by MST. The following peptides were measured: unmodified (orange, 1Cso 0.71 + 0.20 pM); Tyr'8-0S0; (red, I1Csp 0.31 +
0.05 uM); Tyr'®-OPO; (green, 1Cso 0.30 + 0.05 pM); Tyr'®Phe (blue, 1Cso 0.60 + 0.16 uM); and Tyr'8Glu (purple, ICso 0.70 + 0.08 uM). Each titration shows results
from four independent replicates. Titrations with Tyr'® are significantly different from those with Tyr'®-0S0; (P < 0.01, Student’s t test). (G) Impact of ionic
strength on Ky (green squares) and ko, (red circles) for the LPL-GPIHBP1'~'3" interaction as assessed by SPR.
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Table 2. GPIHBP1 binding kinetics to LPL

GPIHBP1 Ko 10 M7's™1 kog, 1072571 Kg, NM Rmax, fmol/mm?  n
GPIHBP1' 3! 26.5 + 8.2 1.26 + 0.03 0.53 +0.14 1.59 + 0.19 10
GPIHBP1~131:Y18F 16.7 + 6.4 1.81 + 0.06 1.19 + 0.30 1.40 + 0.13 10
GPIHBP134731 0.087 + 0.035 0.73 + 0.31 97.5 + 54.3 1.62 + 0.06 5
GPIHBP1'~"3" (0.30 M NaCl) 13.0 + 0.59 5.25 + 0.25 4.0 1
GPIHBP1"~"37 (0.50 M NaCl) 1.36 + 0.04 6.82 + 0.12 52 1
GPIHBP1'~"3" (0.75 M NaCl) 0.18 + 0.01 5.81 + 0.03 317 1

Kinetic rate constants (k,, and k) were derived by global fitting of sensorgrams recorded by five consecutive
single-cycle injections of GPIHBP1 on LPL that had been captured by mAb 5D2. The values shown are means + SDs

for single-cycle analyses performed on different chips,

preparations, and days. We obtained a uniform capture

level of LPL corresponding to 150 RU (approximately 3 fmol/mm?).

speculated that GPIHBP1 would be most effective in capturing
LPL if the LPL bound preferentially to the HSPGs on endo-
thelial cells. To explore that hypothesis, we performed additional
confocal microscopy studies on the heart and skeletal muscle of
Gpihbpl™~ mice. Once again, we found that LPL was mis-
localized within the interstitial spaces. However, we also noted
that LPL associated preferentially with endothelial cells com-
pared with parenchymal cells of the heart even in the absence of
GPIHBP1 (Fig. 4 and SI Appendix, Fig. S4). This scenario was
also evident in skeletal muscle (gastrocnemius) (Fig. 54 and SI
Appendix, Fig. S5). We suspect that the preferential binding of
LPL to endothelial cells could reflect higher levels of HSPG
sulfation in capillary endothelial cells. HSPG composition is
known to vary among different organs and tissues (29-31), and
this could influence LPL binding (32, 33). To pursue the idea
that different levels of HSPG sulfation could affect the tran-

sitioning of LPL to GPIHBP1, we tested the ability of different
heparin preparations (with defined length but variable sulfation
patterns) to interfere with GPIHBP1-LPL interactions. As shown
in Fig. 5B, removal of N-sulfate, 2-O-sulfate, or 6-O-sulfate af-
fected the capability of these defined heparin derivatives to inhibit
the GPIHBP1-LPL interaction. These studies raise the possibility
that the LPL associated with HSPGs (e.g., glypicans, syndecans)
on the surface of parenchymal cells gradually moves to higher-
affinity HSPGs on capillary endothelial cells [i.e., resembling the
mechanism of directed diffusion established for some HSPG-
tethered morphogens (34)]. Once LPL reaches the basolateral
surface of capillaries, GPIHBP1 would capture LPL and escort it
across endothelial cells to the capillary lumen.

To investigate the role of GPIHBPI1’s acidic IDR on the
movement of LPL to the basolateral surface of capillary endo-
thelial cells, we developed an SPR sensor surface that models the
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unfolding with HDX-MS by quantifying the bimodal
distribution of the isotope envelopes for the LPL
peptide 131-165 (containing Ser'** and Asp'*® of the
C 100
I catalytic triad). Relative amounts of unfolding of
10 pM LPL incubated for 10 min at 25 °C alone (gray
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Fig. 4. Localization of LPL in the mouse heart. The distribution of LPL in the
hearts of wild-type and Gpihbp1™~ (KO) mice was assessed by immunohis-
tochemistry with antibodies against LPL (red), CD31 (magenta), or $-dystroglycan
(green). Nuclei were stained with DAPI (blue). Shown are confocal fluorescence
microscopy images of capillary endothelial cells containing an endothelial cell
nucleus (which makes it possible to visualize the basolateral and apical mem-
branes). In the wild-type mouse heart, LPL was associated almost exclusively with
capillary endothelial cells (arrow). In the heart of a Gpihbp1-deficient mouse, the
LPL is mislocalized within the interstitial spaces surrounding both myocytes and
capillary endothelial cells, but LPL appeared to bind in close proximity to capillary
endothelial cells (arrows). (Scale bars, 5 pm.)

dynamic state of LPL-HSPG interactions in the subendothelial
spaces and the transitioning of that pool of LPL to GPIHBP1 on
the basolateral surface of capillaries. In this model, LPL binds to
a high-density surface of heparin fragments (300 fmol/mm?) on
the sensor chip. The retention of LPL on this surface is largely
governed by mass transport limitations, with any LPL dissocia-
tion event quickly followed by the binding of LPL to an adjacent
unoccupied heparin. Injection of GPIHBP1 over the surface
would allow any unbound LPL to interact with GPIHBPLI. If the
newly formed LPL-GPIHBP1 complexes no longer bind to the
sensor surface, they would be removed by the buffer flow. We
predict that this in vitro system resembles the movement of LPL
from HSPGs in the subendothelial space to GPIHBP1 on the
basolateral surface of capillaries, a binding event that promptly
leads to shuttling of the LPL-GPIHBP1 complex to the capillary
lumen. Our SPR system revealed that intact GPIHBP1 efficiently
extracted LPL from the heparin-bound gool on the sensor chip
(Fig. 5C). Although injections of GPIHBP1**'*! led to LPL binding,
those binding events were not accompanied by accelerated removal
of LPL from heparin. Thus, the presence of the acidic IDR was
decisive for a GPIHBP1-mediated LPL mobilization from heparin.
Posttranslational modification with Tyr'®-0SO; improved the
function of GPIHBPI1 in this process, as GPIHBP1'~'3/Y18F
resulted in significantly lower levels of LPL mobilization (Fig. 5C).

Space Occupied by the Acidic IDR of GPIHBP1. Although the physi-
ologic importance of GPIHBP1 is well established, the structure
of GPIHBP1 has not been determined. Usin% small-angle X-ray
scattering (SAXS), we found that GPIHBP1'~** adopts a flexi-
ble, disordered, and extended conformation at pH 7.4 in 136 mM
NaCl with a maximum dimension (Dp,,y) of 65 A and a gyration
radius (Ry) of 19.8 A (Fig. 6 A-C and SI Appendix, Table S1).
We observed no significant difference in the scattering profiles
of GPIHBP1'™* peptides containing Tyr'®-OSO; and Tyr'®
-OPO3, indicating that those modifications do not induce pro-
nounced shifts in the ensemble.

To obtain information on the flexibility of the acidic domain in
the context of GPIHBPI, we examined both GPTHBP1**™"*" and
GPIHBP1'™"*! by combining in-line size-exclusion chromatogrz}glé}l/
with SAXS (SEC-SAXS). The scattering data for GPIHBP1**!
(Fig. 6F) provided a suboptimal match to our model for the LU
domain in GPTHBP1 (17) (CRYSOL,; %> 4.6). By adjusting for the
flexibility of the small biantennary glycan on Asn>® [with the
AllosMod-FoXS server (35)], a moderately improved fit was
obtained (x* 3.9). Guided by earlier HDX-MS analyses (17), we
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allowed flexibility in certain regions of the peptide backbone of the
GPIHBP1**"*! ‘model (Fig. 6D). Applying the ensemble optimi-
zation method (EOM) for this condition led to a substantial im-
provement in the fit (y* 2.4). Superimposing all ensembles
selected during 10 separate rounds of EOM revealed that the C-
terminal region of GPIHBP1 (residues 113-131) projected away
from the central p-sheet of GPIHBP1**'*! (Fig. 6E and SI Ap-
pendix, Table S3). Of note, this orientation is recapitulated by
independent EOM analysis with intact GPTHBP1'™"*! (Fig. 6G).
These data imply that GPIHBP1 projects its LPL-binding in-
terface [defined by HDX-MS and site-directed mutagenesis (17,
36)] away from the cell surface.

Fitting the scattering data for full-length GPTHBP1' ! with the
EOM revealed that the acidic domain occupies a large mushroom-
shaped space with a diameter of 112 A (Fig. 6 F and G). This
prediction aligns well with the scattering data for GPIHBP1'
peptides, which exhibit a Dp,,x of 65 A. From a functional per-
spective, we propose that the large space occupied by the acidic
IDR is important for recruiting LPL from the subendothelial
HSPG binding sites via long-range electrostatic steering, facilitating
a subsequent high-affinity interaction with GPIHBP’s LU domain.

Reactivity of GPIHBP1 Autoantibodies. Due to their low sequence
complexity and paucity of hydrophobic residues, IDRs are gen-
erally poor ligands for MHC class II and are likely to escape
adaptive immune responses (37, 38). In keeping with our SAXS
data, the first 35 residues of human GPIHBP1 are predicted to
be highly disordered, translating into a low predicted affinity for
MHC class II (Fig. 74). Despite these considerations, a mouse
monoclonal antibody against human GPIHBP1 (mAb RF4) was
proposed to bind a linear epitope within GPIHBP1’s acidic do-
main (based on the observation that the antibody bound to full-
length GPIHBP1 but not to a mutant lacking the acidic domain)
(39). Because IDRs such as GPIHBP1’s acidic domain are not
expected to elicit a strong immune response, we revisited the
location of the mAb RF4 epitope. With SPR, we compared the
kinetics of mAb RF4 binding to synthetic peptides derived from
the acidic IDR of GPIHBP1. Our studies mapped the egitope
for mAb RF4 to residues 27-44 within GPIHBP1, with Arg’ 3 and
Leu®* being the hot-spot residues, and those residues are not
conserved in mouse GPIHBP1 (Fig. 7 B and C and SI Appendix,
Fig. S6). Thus, the epitope for RF4 is located downstream from
the acidic IDR, in the region just upstream of the folded LU
domain (arrow in Fig. 74).

We recently reported that some patients develop chylomi-
cronemia as a result of GPIHBP1 autoantibodies that block LPL
binding (GPIHBP1 autoantibody syndrome) (15, 16). To assess
the involvement of the IDR in this disease, we captured anti-
bodies from an affected patient on a Protein G sensor chip. In-
jections of GPIHBP1 revealed that 2.2 + 0.3% of the patient’s
IgGs bound to GPIHBP1 (Fig. 7D). In keeping with that result,
affinity purification of the total IgG fraction on a human
GPIHBP1-Sepharose column resulted in a 1.2% yield of antibodies
recognizing GPIHBP1. When analyzed by SPR, the immunopuri-
fied autoantibodies bound with high affinity to GPIHBP1** 13!,
whereas there was no binding to GPIHBP1'~* (Fig. 7E). The same
properties (binding to GPIHBP1**"*! but not to GPIHBP1'™*)
were observed with the IgGs purified from the plasma of a second
patient with the GPIHBP1 autoantibody syndrome (SI Appendix,
Fig. S7). These findings support the idea that GPIHBP1’s acidic
domain is not immunogenic and that autoantibodies against the
acidic domain are not relevant to the pathogenesis of this autoim-
mune chylomicronemia syndrome.

Discussion

GPIHBP1 plays at least three distinct roles in the intravascular
processing of triglyceride-rich lipoproteins. First, GPIHBP1 binds
LPL in the subendothelial spaces and shuttles it to its site of action in
the capillary lumen (6). Second, GPIHBP1-LPL complexes in
capillaries mediate the margination of chylomicrons along capillaries
(5). Third, GPIHBP1 protects LPL from two physiologic inhibitor
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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 pm.) (B) Competition of the GPIHBP1-LPL
interaction by defined heparin fragments (dp10) by MST. Heparin (red curve;
IC59 <14 nM), desulfated on the C2 oxygen of iduronate (green curve; 1Cso
59 + 5 nM), desulfated on the C6 oxygen of glucosamine (blue curve; 1Cso
100 + 10 nM), and desulfated on the C2 amine of glucosamine (orange
curve; ICso 980 + 14 nM). (C) Mobilization of LPL from a high-density heparin
surface by the injection of 200 nM of various GPIHBP1 derivatives. After
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proteins, ANGPTL3 and ANGPTLA (12, 17). The acidic IDR within
GPIHBPI, 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 GPIHBP]’s acidic IDR
spans a relatively large conformational space (112 A 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 GPTHBP1 removes
LPL from heparin on SPR sensor chips, whereas GPIHBP1?*3!
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 Coll8al = 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

1,000-s exposures of GPIHBP1 at a flowrate of 20 uL/min (gray line), different
levels of LPL remained on the heparin surface: 23.1% by GPIHBP1'~"*" (blue
curve); 27.3% by GPIHBP1'~"3% Y'8F (red curve); and 97.0% by GPIHBP13*-"3" (black
curve). Although the difference between GPIHBP1'~'*! and GPIHBP1'~'3" Y&
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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Fig. 6. SAXS analyses of GPIHBP1. (A) Concentration-normalized scattering profiles of GPIHBP1'~2 with Tyr'®-OH (2.6 mg/mL, black curve); Tyr'®-050; (3.8 mg/mL,
blue curve); or Tyr'®-OPO; (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 GPIHBP1'~">"
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 (GPIHBP13*~"3", black circles) along with the scattering profile of a rigid
GPIHBP1 homology model (17) (CRYSOL; blue curve, XZ 4.6), a model allowing glycosylation flexibility (Allosmod; red curve, XZ 3.9), and a model allowing defined
peptide flexibility (EOM; green curve, ¥ 2.4). The Inset shows models selected by 10 separate EOM analyses; a cartoon representation shows the nonvariable part of
GPIHBP13*""*", and dots (residues 34-42 and 74-83) or spheres (118-131) show the variable parts. The position of Trp®®, which is important for LPL binding, is shown
in a stick representation. (F) SEC-SAXS scattering data for full-length GPIHBP1'~"3" with fits to a rigid homology model (CRYSOL; blue curve, ¥* 10.6) and 10 EOM
analyses (green curve, x> 1.6). (G) Conformational ensembles selected for our current model of GPIHBP1'~"3" by the 10 separate EOMs. The illustration was prepared
by PyMOL (Schrédinger) using the same settings as in E except that the spheres show residues 1-42 and dots show residues 74-83 and 118-131.

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 GPTHBP1,
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 Tyr'®
improves the capacity of GPIHBP1 to protect LPL against
ANGPTLA-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
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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 TPST?2, 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 CCRS (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 ANGPTLA4 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 GPIHBP1'-'3"R38G and murine GPIHBP1'"'7® 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
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methionine and a C-terminal 6x 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 Appendiix, Table S3.

Synthetic peptides representing various truncations and modifications of the
N-terminal acidic domain of GPIHBP1 were obtained at a purity of >95% from
TAG-Copenhagen A/S and are listed in S/ 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 Tyr'® in GPIHBP1'33 with tyrosyl-O-sulfate was
verified by "H-NMR (S/ Appendix, Fig. $8). 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 CaCl,, 10% (vol/vol)
glycerol, 0.05% (volivol) surfactant P20, 1 mg/mL defatted BSA, 0.1 mg/mL car-
boxylmethyl dextran, and 0.05% (wt/vol) NaNs. This protocol kept the LPL cat-
alytically active and led to capture densities of 150 resonance units (RUs)
(approximately 3 fmol LPL/mm?). 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 Nadcl, 4 mM CaCl,, 0.05% (volAol) P20, 0.2 mg/mL
defatted BSA, and 0.05% (wt/vol) NaNs. 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 uL/min at 20 °C. At the end of
each cycle, two 10-pL injections of 20-mM H3PO,4 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
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acidic IDR. Thin black lines in B-£ show the kinetic fit of
the data to a 1:1 binding model.

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 thus mimic the conditions in
the subendothelial spaces, we captured well-defined biotinylated heparin
dp4 fragments (S/ Appendix, Table S3) on a streptavidin-coupled CMS5 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/mm?) 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 pL/min in 10 mM
Hepes (pH 7.4), 150 mM NacCl, 4 mM CaCl,, 10% (vol/vol) glycerol, 0.05% (volivol)
surfactant P20, 1 mg/mL defatted BSA, 1 uM GPIHBP1'~33TOH and 0.05%
(wt/vol) NaNs. 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/mm? 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 uL/min in 10 mM Hepes (pH 7.4),
150 mM NaCl, 4 mM CaCl,, 10% (vol/vol) glycerol, 0.05% (vol/vol) surfac-
tant P20, 0.2 mg/mL defatted BSA, and 0.05% (wt/vol) NaNs. At the end of
each cycle, two consecutive injections of 10 uL 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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